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ABSTRACT 
Neural crest cells are a special group of embryonic cells which are able to 
migrate out of the dorsal neural tube (the developing central nervous system) to the 
underlying mesenchyme and form different tissues in the embryos. Neural crest 
extending from the mid-otic placode to the caudal margin of somite 3 is called 
cardiac neural crest. Cells emigrated from this level are termed cardiac neural crest 
cells which participate in the formation of the cardiovascular system. In comparison 
1« 
to avians, the migratory pathways of cardiac neural crest cells remain largely 
unknown in mammals. Several mouse models have been used to study the direct 
relationship between neural crest migration and cardiac development and among all, 
Splotch {Sp^") is the best model for studying the relationship between cardiac defects 
% 
and neural crest cells. In the present study, an exogenous dye wheat germ agglutinin 
gold conjugate (WGA-Au) was used to map out the initial migration of cardiac 
neural crest cells in normal and Splotch mouse embryos to see whether the migration 
of cardiac neural crest cells is disturbed in the mutants (Sp^"). The distribution of 
labelled cells at three axial levels, namely pre-otic hindbrain, post-otic / pre-somitic 
cardiac neural crest (between the caudal limit of the otic placodes to the rostral limit 
o f the somite 1) and somitic cardiac neural crest (somite 1 to 2) levels, was analysed 
at various time points after in vitro whole embryo culture. Results showed that pre-
otic hindbrain neural crest cells in both wild-type (WT) and Sp^^/Sp^^ migrated as 
good as those in the normal mouse embryos. The migration of pre-otic and post-otic 
cardiac neural crest cells in WT was also similar to that of the normal mouse. 
However, the migration of cardiac neural crest cells at the post-otic / pre-somitic and 
somitic levels was retarded in the <S/"AS/" embryos although the migratory 
pathways were not altered as compared to those in WT and normal mouse embryos. 
i 
Furthermore, there was a significant reduction in the number of post-otic / pre-
somitic and somitic cardiac neural crest cells in the Sp^^/Sp^^ embryos. By 
ortliotopically transplanting cardiac neural crest cells from Sp^^/Sp^^ to WT, or vice 
versa, it was found that the migration of Sp^^ !^Sp '^^  cardiac neural crest cells was 
disturbed in a Sp^^/Sp^^ host, but a normal distribution of the cardiac neural crest 
cells was observed when mutant neural crest cells were transplanted into a WT host. 
Moreover, normal migration in the Sp^^ !^Sp '^^  environment was also found when 
wild-type cardiac neural crest cells were transplanted into a Sp^^/Sp^^ host. The 
1» 
above findings indicated that in the Sp^^/Sp'^ embryos both neural crest cells and the 
r 
extracellular migratory environment were affected. In other words, mutant cardiac 
neural crest cells were still able to migrate but the defective extracellular 
environment in mutant embryos further hampered their migration. However, the 
% 
migration became abnormal in the defective environment when the cardiac neural 
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Chapter one: General Introduction 
CHAPTER ONE. GENERAL INTRODUCTION 
L1 Early development of the central nervous svstem 
The development of the central nervous system involves a dramatic sequence of 
morphogenetic events known as the neurulation. During neumlation, a dorsal layer of 
ectodermal cells become columnar and form a neural plate. A depression called the 
neural groove then develops along the midline of the neural plate. The boundaries 
I) 
between the neural plate and the adjac^ent epidermal ectoderm form neural folds. 
Once neural folds have emerged, the neural plate extends anterioposteriorly and curls 
up. The neural folds thus elevate and meet along the dorsal midline, closing the 
neural plate into the neural tube. The neural tube gives rise to the central nervous � 
system. Its anterior portion forms the brain and its posterior portion forms the spinal 
cord. The brain becomes more complex as three bulges appear in it. These three 
bulges are prosencephalon (forebrain), mesencephalon (midbrain) and 
rhombencephalon (hindbrain). The prosencephalon will later divide into the 
telencephalon and diencephalon. The telencephalon consists of future hemispheres of 
the cerebrum. The rhombencephalon subdivides into metencephalon and 
myelencephalon. A drawing illustrating the early development of the central nervous 
system is shown in Fig. 1.1. 
A2 Neural crest cells and Cardiac neural crest cells 
The neural crest of vertebrates is a transient structure and exists only briefly in 
early embryonic development. In higher vertebrates, the central nervous system of 
- j 
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the developing embryo first appears at the early stage of organogenesis as a thickened 
epithelial layer which is derived from the embryonic ectoderm (Fig, 1.2a). The edges 
of this neural ectoderm elevate into neural folds and a shallow neural groove which 
forms in the middle of the neural ectoderm divides the neuroectoderm equally into 
two halves (Fig. 1.2b). As the lateral neural folds continue to elevate, fusion of the 
lateral folds in the middle of the dorsal body axis results (Fig. 1.2c) and the thickened 
neuroectoderm forms the neural tube. During fusion of the neural ectoderm, the 
surface epithelium becomes continuous over the dorsal side of the neural tube (Fig. 
it 
1.2d) (LeDouarin, 1982). A group of cells which is originated from the crest of the 
产 
closing neural plate and is left underneath the epithelium on the dorsal side of the 
neural tube is termed neural crest cells according to their site of origin (Fig. 1.2d) 
(LeDouarin, 1982; Kirby, 1983; 1990; 1993). In chick embryos, the neural crest is 
% 
divided anterioposteriorly into two regions: cranial and trunk. Cranial neural crest 
extends from the diencephalon to the level of the fifth somite (Fig. 1.3). The 
remainder of the neural crest, beginning at the level of somite 6 and extending 
caudally, is called trunk neural crest (Kirby and Bockman, 1984; Kirby and Waldo, 
1990; Kirby, 1993). 
When neural crest cells delaminate from the neural tube, they undergo an 
epithelial to mesenchymal conversion. Since neural crest cells are derived from the 
neuroectoderm, they are referred as ectomesenchymal cells to distinguish them from 
the common mesodermally derived mesenchymal cells (Kirby, 1993). It has been 
suggested that changes in cadherins expression are necessary for neural crest cells to 
detach from neighboring neuroepithelial cells of the neural tube (Nakagawa and 
Takeichi, 1998; Martin and Marianne, 1999). In addition to cell-cell adhesion, there is 
- ~ 2 “ 
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a breakdown of the basement membrane surrounding the neural tube in areas from 
which neural crest cells migrate (Erickson and Perris, 1993; Martin and Marianne, 
1999). 
After emigrating from their origin, neural crest cells migrate extensively 
throughout the embryo along different pathways to differentiate into a wide variety of 
tissues. Migration starts first in the midbrain, slightly later in the forebrain, and 
extends progressively to more caudal regions (LeDouarin, 1982). In all mammals and 
I* 
birds studied, cranial neural crest cells migrate from the tips of neural folds just prior 
产 
to closure ofthe neural tube. In contrast, neural crest cells in the spinal region emerge 
from the roofof the neural tubejust after its closure (Copp, 1997). 
% 
The cranial neural crest cells form nervous tissues, pigment cells and also 
mesenchymal derivatives. The neural crest extending from the diencephalon to the 
mid-metencephalon contributes in the formation of periocular tissues and the first 
branchial arch where neural crest cells form skeletal and connective tissues in the 
craniofacial region (Kirby and Bockman, 1984; Clouthier et al., 1998). The neural 
crest that extends from the myelencephalon to the middle of the otic placode 
participates in the formation of the second branchial arch. Crest cells from the micJ-
placode level to the third somite populate the third, fourth and the sixth branchial 
arches. Neural crest cells in these arches give rise to connective tissues of the thymus 
and parathyroid. They also form the calcitonin-producing cells of the thyroid gland 
(LeLievre and LeDouarin, 1975; Kirby and Bockman, 1984). In the trunk, neural 
crest cells give rise to pigments cells, neurons and glia of the dorsal root and 
sympathetic ganglia, hormone-secreting adrenomedullary cells, aortic plexuses and 
- ‘ 3 “ 
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Schwann cells which myelinate the peripheral nerves (LeDouarin, 1982; Kirby, 1993; 
Serbedzija et al., 1994). 
Neural crest cells form the walls of large arteries (except endothelium) derived 
from branchial arches. Some neural crest cells in the third, fourth and sixth branchial 
arches participate in the cardiovascular development, so this group of cells are 
specially termed cardiac neural crest cells (Kirby and Bockman, 1984; Kirby and 
Waldo, 1990; Kirby, 1991; Fukiishi and Morriss-Kay, 1992; Clouthier et al., 1998). 
it 
In chick embryos, cardiac neural crest lies between the midotic placode and the caudal 
f f 
limit ofsomite 3 ( Kirby, 1989; Kirby and Waldo, 1990; Miyagawa et aL, 1990; Kirby 
and Waldo, 1995; Kirby, 1997). A diagram illustrating the location of various parts 
of the neural crest and the areas of neural crest which seed the branchial arches is 
% 
shown in Fig. 1.3. 
13 Role of neural crest cells in cardiovascular development 
The heart develops from the cardiogenic plate at the cranial end of the germ 
disc. The primitive heart appears as a single straight tube called primary heart tube 
which will later expand and elongate (Fig. 1.4). The heart tube then loops and pivots 
to the right on the anterioposterior axis. The convexity of the loop is called the 
bulboventricular fold which demarcates the inflow from the outflow portion of the 
looped tube. The inflow portion consists of the sinus venosus, primitive atrium, 
atrioventricular canal and proximal portion of the primitive ventricle. The outflow 
portion of the looped tube consists of the distal portion of the primitive ventricle and 
-
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the outflow tract which includes conus cordis at the proximal end, and the tmncus 
arteriosus at the distal end (Fig. 1.4) (Kirby and Waldo, 1995; Kirby, 1997). 
The inflow and outflow tracts have converged after looping. A new 
adjustment is then needed to bring the outflow tract into correct orientation with the 
appropriate ventricles and this process is called "wedging". During the process of 
wedging, the aorta becomes positioned posterior and rightward to the pulmonary 
artery, and anterior to the atria. Outflow septation occurs concurrently with the 
i i 
wedging process so that all the septa will converge in a correct position or alignment , 
(Kirby and Waldo, 1995; Leatherbury and Waldo, 1995). 
The primitive ventricle will be divided into right and left ventricular chambers 
by a muscular ventricular septum, whereas the atria and ventricles are separated by 
atrioventricular endocardial cushions. Blood flows from the outflow tract to the 
aortic sac and then to the dorsal aorta via a series of five paired aortic arch arteries 
which develop sequentially in branchial arches (DeRuiter et al., 1993; Kirby and 
Waldo, 1995). The aortic sac and truncus arteriosus are separated into aorta and 
pulmonary trunks (Fig. 1.4) by the formation of the aortico-pulmonary septum. 
Failure in formation of the aortico-pulmonary septum results in a single outflow 
vessel eminating from the ventricles with mixed venous and arterial blood. This 
condition is referred to as persistent tmncus arteriosus (PTA) (Franz, 1989; Kirby, 
1989; Kirby and Waldo, 1995; Leatherbury and Waldo, 1995). 
• Correct septation of the aortic sac and truncus arteriosus is dependent on 
normal migration of cardiac neural crest cells. In chick embryos, cardiac neural crest 
“ r ~ 
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cells migrate through the third, fourth and sixth branchial arches to the outflow region 
of the heart where they participate in the patterning of aortic arch arteries and 
formation of the outflow septum i.e. the aortico-pulmonary septum (Kirby and 
Bockman, 1984; Kirby, 1987; 1989; 1993; Miyagawa et al., 1990; Kirby and Waldo, 
1995; Conway et al., 1997c). It has also been shown in rat embryos that a group of 
neural crest cells from the first to third somite migrate to the blood vessel walls and 
outflow tract of the heart along the same pathway as that found in chick embryos 
(Fukiishi and Morriss-Kay, 1992). 
n 
产 
In mouse embryos, it has been found that neural crest cells emigrate from the 
first to the fourth somite migrate to the developing heart and outflow tract (Yung, 
1997). However, the exact axial location of cardiac neural crest in mammalian 
% 
animals is still unclear. Fukiishi and Morriss-Kay (1992) indicated that in rat 
embryos, neural crest cells migrate from the occipital hindbrain into the cardiac 
region along the pathway equivalent to that found in the chick, even though the 
postotic region shows some anatomical differences in the two species: there is a 
longer presomitic region in mammals than in birds, and one more pair of occipital 
somites in birds than in mammals (Fukiishi and Morriss-Kay, 1992). 
By using a nuclear marker provided by interspecific transplantation of quail 
and chick neural crest, LeLievre and LeDouarin (1975) found that neural crest cells 
populated the walls of the common carotid arteries, brachiocephalic arteries, arch of 
the aorta, proximal pulmonary arteries, and ductus arteriosus. The transplanted neural 
crest cells that migrated into the tunica media of these vessels differentiated into 
smooth muscle cells and elaborated elastin fibrils (Kirby, 1987). Quail and chick 
“ 6 — 
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chimeric tissue could also be found in the aortico-pulmonary septum and in the tunica 
media of the aorta and pulmonary trunk (Kirby, 1983). While sympathetic 
innervation of the heart arisen from the cervicothoracic sympathetic chains was 
derived from the trunk neural crest cells, cardiac parasympathetic ganglia located in 
epicardial plexuses at the venous and arterial portions of the heart were also derived 
from cardiac neural crest cells (LeLievre and LeDouarin, 1975; Kirby, 1983; 1993). 
1*4 Methods in tracine neural crest cells 
i> 
r 
There are extensive studies on the migration and differentiation ofneural crest 
cells in chick embryos. The first method of marking avian neural crest cells involved 
labelling of embryos with ^-thymidine, then dissecting out the labelled neural tube 
� 
including premigratory neural crest cells, and transplanting it into similar regions 
from which the neural tube was removed in an unlabelled host (Weston, 1963). Since 
neural crest cells are the only cell type that can leave the neural tube, any 
radioactively-labelled cells (identified by autoradiography) external to the neural tube 
were known to be derived from the transplant. Using this approach, Weston (1963) 
discovered that neural crest cells migrate along two primary pathway: dorsolaterally 
under the ectoderm and ventrally between the neural tube and the somite. Although 
these experiments have provided a great deal of useful information, the techniques 
were only applicable for relatively short periods of time because the ^- thymidine 
marker became diluted easily in rapidly dividing embryonic cells. 
To circumvent the problem of dilution with the thymidine marker, LeDouarin 
and colleagues have utilized interspecific chimeras between quail and chick embryos 
- 7 -
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i.e. quail-chick chimeras. Analogous to the transplantation method described in the 
previous paragraph, neural tubes from quail embryos were transplanted into the same 
or different axial levels of chick embryos. When quail cells are transplanted into a 
chick embryo, the cells from each species retain their nuclear characteristics and 
differences between quail and chick nuclei can easily be distinguished under a light 
microscope after special nuclear staining. In quials, a large nucleolus is seen in the 
nucleus of all types of cells, including mesenchymal cells. The large size of the 
nucleolus is related to the presence of a large and centrally condensed 
“ 
heterochromatin in quail cells. In contrast, in chick cells, the heterochromatin is 
f f 
evenly distributed in the nucleoplasm and dispersed in small chromocentres. The 
chimera experiments have confirmed the previous results on the derivatives and 
pathways of neural crest cells in avians. In addition to establishing the normal 
derivatives arising from neural crest cells at various axial levels. Quail and chick 
chimera system have also been enormously useful for challenging the fates of neural 
crest cells grafted to new environments (LeDouarin, 1973, 1982; Kirby, 1989). 
Immunological approach can also be used to find out the migratory pattem of 
neural crest cells in chick embryos. Monoclonal antibodies HNK-1 and NC-1 both 
recognize a carbohydrate epitope that is present on the surface of ventrally migrating 
neural crest cells and some of their derivatives. Moreover, the epitope is detectable 
shortly after emigration of neural crest cells from the neural tube. Experiments using 
the HNK-1 antibody to identify neural crest cells in chick embryos indicate that trunk 
neural crest cells migrate along two primary pathways: (1) a dorsolateral pathway 
between the dermamyotome and the epidermis, whose cells give rise to pigment cells, 
and (2) a ventral pathway through the rostral portion of each somitic sclerotome, 
- g 
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whose cells give rise to the dorsal root and sympathetic ganglia, the adrenal medulla, 
and Schwann cells (LeDouarin, 1982; Serbedzija et al., 1990). The approach ofusing 
antibodies to identify migrating cells has some pitfalls. First, they do not recognize 
all neural crest cells, such as those moving along the dorsolateral pathway (Teillet et 
al., 1987). Second, they are only specific to avian but not mammalian neural crest 
cells (Kuratani and Kirby, 1991; Kubota et al., 1996; Yamauchi et al., 1999). Due to 
the above reason, HNK-1 has only been used to study the distribution of 
neurofilaments in the heart of rat embryos (Nakagawa et al., 1993)，but never been 
“ 
used to study the neural crest cell migration in mammals. 
f f 
There is not much information concerning the neural crest in mammals in 
comparison with avians. The major difficulty in tracing mammalian neural crest cells 
is that the morphology of the migrating neural crest cells in the mesoderm is similar to 
the surrounding mesenchymal cells, and it is difficult to distinguish them 
morphologically and histologically after they have left the neural epithelium. Unlike 
avian, there is no specific antibody to recognize mammalian neural crest cells. 
Moreover, post-implantation mammalian embryos develop inside the uterus, which 
hinders direct observations and manipulations made on the developing embryo in 
vivo. The successful analyses of the formation, migration, and the developmental fate 
of neural crest cells in mammals are highly dependent on the careful design of 
different experimental methods. 
A novel transgenic technique is developed to allow marking of the neural crest 
cell lineage in mice. Yamauchi et al. (1999) have used a novel transgenic technique 
to mark the neural crest cell lineage in mice by establishing and characterizing 
^ 
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transgenic mouse lines expressing the Cre enzyme in neural crest cells. To detect and 
visualize the Cre-mediated DNA recombination in neural crest cells and their 
derivatives, another transgenic (Tg) line with the CAG-CAT-Z indicator construct is 
utilized. This Tg line carries a lacZ reporter gene which is expressed only when a 
stuffer is removed by the action of Cre recombinase. Using these transgenic mice, it 
is demonstrated that a subset of migrating neural crest cells and a wide variety ofcells 
in the neural crest cell lineage can be marked by lacZ expression. The expression of 
lacZ is detected by p-galactosidase staining (Franz and Kothary, 1993; Yamauchi et 
I* 
al.，1999). In the result of their study, X-gal-positive cells are found in pharyngeal 
arches and around the dorsal aorta in 9.5 d.p.c. In 12.5 d.p.c. embryos, lacZ 
expression displays in the dorsal root ganglia, sympathetic trunk ganglia, branchial 
plexus, vagal nerve and melanocyte. Although this technique can successfully mark � 
the neural crest cell lineage in mice, non-neural crest-derived strctures such as the 
notochord are also found to keep expressing lacZ at all stages, making this system not 
a reliable way to mark neural crest cells specifically. 
Another example of the transgenic technique is done by Jiang et aL (2000) 
who have utilized a two-component system based on Cre/lox recombination to 
indelibly mark the neural crest cell lineage in mice by gene expression. One of the 
components used is a transgene expressing Cre recombinase under the control of the 
Wntl promoter and enhancer (Danielian et al., 1998). The Wntl gene is expressed 
specifically in the neural plate, in the dorsal neural tube and in the early migratory 
neural crest population at all axial levels except the forebrain. Expression of Wntl is 
extinguished as the crest cell lineage migrates away from the neural tube and is not 
expressed at any other time or in any other places during development or in postnatal 
“ ro 
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life (Echelard et al., 1994). The second component is a conditional reporter gene 
termed R26R that expresses p-galactosidase from the ROSA26 locus only upon Cre-
mediated recombination (Soriano, 1999). The transcript originating from the 
ROSA26 promoter encodes an irrelevant sequence, whereas after Cre-mediated 
recombination, the transcript produces a functional p-galactosidase protein. The 
progeny of cells that have undergone recombination will continue to be p-
galactosidase positive, even though the Wntl-Cre transgene is no longer active. By 
using this two-component Cre/lox recombination system, all known neural crest cell 
lineages are efficiently and stably marked. This system has been used to mark the fate 
of the cardiac neural crest in mouse embryos. Labelled cells are found to populate the 
aortico-pulmonary septum and conotmncal cushions prior to and during overt 
septation of the outflow tract, and surround the thymus and thyroid as these organs � 
form. Moreover, the adult derivatives of the third, fourth and sixth branchial arch 
arteries retain a substantial contribution from labelled cells (Jiang et al, 2000). 
Another genetic marker has also been used to identify mouse neural crest 
cells. Conway et al. (1997a) demonstrated that the expression o fPax3 gene could 
serve as a genetic marker for cardiac neural crest cells in mouse embryos. Pax3-
positive cells were shown to colonize the outflow tract of the heart in mouse embryos 
at 10.5 days of gestation (Conway et al., 1997a). Since Pax3 expression can only be 
detected at 10.5 days of gestation, it is impossible to use it as a marker for tracing the 
migration of neural crest cell from the stage at which neural crest cells start their 
migration, i.e. 8.5 days of gestation. 
- 1^ 
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Apart from looking for a suitable marker for neural crest cells, another 
problem in tracing mammalian neural crest migration is the inaccessibility of post-
implantation embryos in utero. Culture methods that have been successful developed 
can support the growth and differentiation of mouse and rat embryos out the uterus 
over a part of the second week of gestation, i.e. during the period of organogenesis. 
During this period, the overall growth and differentiation of these embryos in vitro are 
almost identical to that in in vivo (New, 1991). The culture methods allow a great 
control over the embryos' environment and afford good access for injection or surgical 
“ 
procedures but the major disadvantage of this technique is the relatively short period 
for the embryos to develop in vitro. Nevertheless, whole embryo culture has made 
significant contributions to the understanding of the mechanisms of morphogenesis in 
mammalian embryos, especially with respect to cranial neurulation and neural crest 
cell migration (Ruberte et al., 1997). 
Labelling technique coupled with whole embryo culture is a good way to map 
the neural crest cell migration pathway. The neural crest cells are firstly labelled with 
exogenous dyes or internal marker either by microsurgical grafting of labelled neural 
crest fragments or in situ labelling of the entire neuroepithelium (Chan and Tam, 
1988) before the embryo is cultured in vitro. There have been reports of a few 
exogenous cell markers including fluorescein / rhodamine isothiocyanate (Butcher et 
aL, 1980), fluorescein-lyscein-lysine-dextran (Gimlich and Cooke, 1983)，and 
carboxyfluorescein diacetate succinyl ester (Bronner-Fraser, 1985). These markers 
have common properties of being uptaken by cells and stored in cytoplasmic 
organelles which are usually large molecules and are unlikely to pass through 
intercellular gap junction. However, they are highly subjected to bleaching when 
“ u 
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exposed to light so they are sometimes difficult to be employed in the study of neural 
crest cell migration. 
To overcome the above problems, an exogenous fluorescent dye with a high 
intensity of fluorescence called DiI (1,1 -dioctadecyl-3,3,3',3'-tetramethylindo-
carbocyanine perchlorate) has been used. Due to the high intensity of fluorescence of 
DiI, bleaching problem is not very serious, making it as a common external dye used 
to label neural crest cells (Serbedzija et al., 1990; Fukiishi and Morriss-Kay, 1992) in 
both mouse and rat embryos. DiI is lipid-soluble and hydrophobic, and thus, it can 
irreversibly incorporate into the plasma membrane of all the cells it contacts. Once 
DiI is incorporated into the plasma membrane, it does not spread from labelled to 
unlabelled cells within a short period, and it has no effect on cell behavior or viability � 
(Honing and Hume, 1986，1989). DiI labelled cells can be examined under a 
fluorescent microscope after cryosectioning of the labelled embryo. 
Other than DiI, a group of tracer proteins have also become popular in tracing 
neural crest cells. This group of proteins is called lectins which includes wheat germ 
agglutinin (WGA, relative molecular mass 35,000) derived from Triticum vulgaris 
(Goldstein and Hayes, 1978). Cells exposed to WGA are able to internalize the ligand 
into the cytoplasm by absorptive endocytosis. The short-term developmental fate of 
these labelled cells can then be followed in histological preparations by looking for 
the distribution of WGA itself by immunohistochemical methods using antiserum 
directly against WGA (Sofroniew, 1983). WGA can also be conjugated with a second 
marker in form of an enzyme (e.g. horseradish peroxidase) (Trojanowski and Gonatas, 
1983), radioisotope (Trojanowski, 1983) or gold particles (Tam and Beddington, 
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1987). WGA conjugated with gold particles is called WGA-Au which can be 
visualized under an electron microscope or a light microscope after silver 
enhancement staining of sectioned embryos (Tam and Beddington, 1987). WGA-Au 
has been shown to be a satisfactory short-term cell marker since WGA is not recycled 
to the plasma membrane even though the accompanying receptors may be resurfaced 
(Gonatas et al., 1984), thus minimizing the risk of WGA transferred to neighboring 
cells. Besides, WGA-Au is endocytosed and retained by ectodermal cells and their 
mitotic descendants for a considerable period of in vitro development (Tam and 
Beddington, 1987; Chan and Tam, 1988). 
1.5 Neural crest-related defects 
Insufficient quantities of forebrain, midbrain and rostral hindbrain neural crest 
cells interacting with developing organs result in abnormal development of the face, 
palate, ears and other organs in the craniofacial region. The deficits may be single or 
multiple (Johnston, 1964; Kirby and Bockman, 1984; Fukiishi and Morriss-Kay, 
1992; Copp, 1997). Absence or mal-development of trunk neural crest cells leads to 
skin hypopigmentation, aganglionosis in enteric system and heart defects (Copp, 
1997). • 
The role of neural crest in heart development has not been entirely clear, but 
ablation studies in chick embryos gave us some implications on its possible 
contributions to cardiovascular structures. Ablation of the premigratory cardiac neural 
crest results in a variety ofmal-fomiations of the heart and great vessels, and the type 
of heart mal-formation depends on the location and size of the ablation (Kirby et al., 
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1985; Bessons et al. 1986; Kirby, 1987). For example, ablation of cranial neural crest 
outside the cardiac area, or a smaller area within the cardiac neural crest, results in a 
spectrum of defects that have been classified under the title of dextroposed aorta. 
These defects include double outlet right ventricle and tetralogy of Fallot, which are 
sometimes associated with an interrupted aortic arch or anomalies of the other great 
arteries (Kirby and Waldo, 1990; Kirby, 1987, 1993). Removal of the entire cardiac 
neural crest results in persistent truncus arteriosus, and a ventricular septal defect is 
always a component ofthis defect (Kirby and Waldo, 1990). , 
产 
Even though there are severe defects in the heart and aortic arch arteries, 
neither systemic nor pulmonary venous anomalies occur after cardiac neural crest 
ablation in the chick (Phillips et al., 1989; Kirby and Waldo, 1990). A deficiency in � 
parasympathetic innervation of the heart will not appear after the ablation of the 
cardiac neural crest. It is because cells from the nodose placodes migrate into the 
heart and reconstitute the cholinergic cardiac plexus in the absence of the cardiac 
neural crest (Kirby, 1988). Although the neural component in the heart is 
reconstituted from the nodose placodes when the cardiac neural crest is removed, cells 
from the nodose placode are not competent to form the truncal and aorticopulmonary 
septa (Kirby, 1989). Besides cardiovascular defects, removal of cardiac neural crest 
affects development of many structures in the branchial arches. Hence, the thymus, 
parathyroid, and thyroid glands, all of which obtain their stroma from neural crest in 
the branchial arches are affected (Bockman and Kirby, 1984). These glands are 
hypoplastic or even absent following neural crest ablation (Kirby, 1993). 
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Understanding the importance of neural crest to the development of the heart, 
pharyngeal apparatus and face provides a useful background to explain the 
pathogenesis of many syndromes. Some syndromes involve complexes of 
malformations involving neural crest cell derivatives, branchial arch derivatives and 
the cardiovascular system. The prototypic example in humans is the DiGeorge 
syndrome (Kirby, 1987). DiGeorge syndrome is characterized by malformation of 
facial features, absence or hypoplasia of the thymus, thyroid and parathyroid glands, 
and a distinct set of heart defects. Most of these defects involve the cardiac outflow 
It 
tract, with abnormal patterning of the aortic arch arteries, improper alignment of the 
outflow vessels, failure in aorticopulmonary septation (i.e. persistent truncus 
arteriosus) and defects in septation of the ventricular chambers (Kirby, 1987; Schinke 
and Izumo, 1999). Based on the fact that defects commonly seen in patients with � 
DiGeorge syndrome match those found in chick embryos after ablation of cardiac 
neural crest (Schinke and Izumo, 1999), it is believed that all organs affected in 
DiGeorge syndrome rely on the contribution of cardiac neural crest cells for their 
normal development. 
1.6 Animal models for studvin2 neural crest defects 
Several animal models have been used to investigate the molecular and 
cellular basis of neural crest participation in the pathogenesis of heart defects. 
Neurofibromatosis type 1 (NF-1) is an autosomal dominant disease with phenotypic 
manifestations resulting from abnormalities of neural crest-derived tissues (Brannan 
et al., 1994; Kirby and Waldo, 1995). The NF-1 gene is a tumor suppressor gene. 
Targeted disruption of NF-1 in NF-1 knockout mice leads to developmental 
r6 “ 
Chapter one: General Introduction 
abnormalities in heart and various neural crest-derived tissues and it causes in utero 
death between 13.5 and 14.5 days of gestation. It has been suggested that the death is 
due to the presence of heart defects resembling double-outlet right ventricle (Brannan 
et al., 1994; Kirby and Waldo, 1995; Kirby, 1997; Creazzo et al., 1998). 
The Talpid chick mutant has also been used in the study of neural crest-related 
cardiac abnormalities. The Talpid mutation usually results in abnormal cell death and 
homozygous embryos survive only for 5 to 6 days of development^. It is shown that 
these embryos exhibited persistent truncus arteriosus and they are extensively used to 
study their limb development, lt is believed the gene mutation in Talpid causes 
defects in limbs, craniofacial and heart development (Kirby, 1997). 
� 
Another mouse model, the splotch mutant has served as an important model to 
study directly the relationship between neural crest migration and cardiac 
development. Splotch mutant embryos display neural crest defects and congenital 
heart disorders involving the outflow tract of the heart, such as persistent truncus 
arteriosus, as well as defects of the thymus, thyroid and parathyroid (Franz, 1989; 
Conway et al., 1997b). These defects are identical to those seen in human patients 
with DiGeorge syndrome, and also similar to those found in chick embryos after 
ablation of premigratory cardiac neural crest (Kirby, 1983; Franz, 1989; Li et aL, 
1999; Epstein et al., 2000). Neural crest migration defect in Splotch has been 
suggested to be related to the abnormal pigmentation and the fomation of smaller or 
even total absence of dorsal root ganglia (Moase and Trasler, 1989; Epstein et al, 
2000). Splotch embryos also exhibit defects of the limb musculature and they also 
show failure of neural tube to close in lumbosacral and hindbrain regions causing 
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spina bifida and exencephaly respectively (Franz, 1989; Franz et al., 1993). 
Heterozygous Splotch mice are characterized by the presence of a white spotting on 
the abdomen while most ofhomozygous mutant splotch embryos die in utero at 13.5-
14.5 days of gestation (Conway et al., 1997c). 
Five mutant alleles at the Splotch locus are known. These include point 
muta t ion�Sp, S (\ intragenic deletion {Sp^^) and complete deletion {Sp, Sp^") o f the 
Pax3 gene on chromosome one (Epstein and Vekemans, 1991; Epstein et al., 1993; 
Franz et al., 1993). Pax3 is a transcription factor gene which encodes DNA-binding 
protein (Conway et al., 1997a, c; Lakkis et al., 1999; Harris and Juriloff, 1999). Its 
expression first appears at embryonic day 8.5 in the dorsal lip of the forming neural 
tube which is the site of neural crest cells formation and emigration (Koblar et aL, � 
1999). Pax3 also expresses in dorsal root ganglia, sympathetic ganglia, the somite, 
the mesenchyme of the limb bud and the heart (Franz, 1993; Lakkis et al, 1999). 
Different mutant alleles show different phenotypes with respect to neural crest 
derivatives and their longevity (Franz, 1993). The homozygous phenotypes o f the Sp 
and Sp2H alleles are closely similar, exibiting defects of the neural crest, neural tube 
and limb musculature, whereas the milder Sp^ allele has less severe neural crest 
defects, although manifesting closely similar anomalies of limb musculature (Franz, 
1993). The Sp and S p ^ alleles are lethal during early postimplantation development 
(Conway et al, 1997c). 
Sp2H is a radiation-induced allele at the Splotch locus. The mutants with this 
allele are commonly used in studying neural crest and cardiac defects because in Sp^" 
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mutants, the defects of neural crest-derived tissues are obvious (Franz, 1989，1993) 
and the site of deletion in Pax3 genes is well known (Epstein and Vekemans, 1991; 
Goulding et al., 1993). The deletion ofPax3 gene in Sp^^ mutants has been found to 
be precisely 32 nucleotides in length. This deletion creates a termination codon 
resulting in a truncated protein (Epstein and Vekemans, 1991). In addition, the 
mortality rate of Sp^" homozygous mutants is only 60% (Conway et al., 1997c). This 
animal model allows an opportunity for a detailed analysis of the developmental 
defects between the dying and surviving Sp^" homozygous embryos, 
产 
1' 7 Recent studies on the misration of cardiac neural crest cells in mammals 
The role of the neural crest in cardiac development has been extensively � 
studied in chick embryos by different methods such as quail-chick chimeras and the 
ablation of premigratory cardiac neural crest (Kirby, 1983, 1989). The distribution 
and migration of cardiac neural crest has also been studied by using the monoclonal 
antibody HNK-1 which is known to recognize most of the migrating neural crest cells 
in avian embryos (Kuratani and Kirby, 1991). Compared with chick embryos, there is 
relatively little evidence supporting the existence of a cardiac neural cell lineage in 
the mammalian embryos. Fukiishi and Morriss-Kay (1992) demonstrated the 
migration of DiI labelled cells from the occipital neural tube to the cardiac outflow 
tract in rat embryos. They labelled the neural crest at the level between somites 1 and 
2 or 3 and 4 with the fluorescent dye DiI, and the embryos were cultured for 48 hours 
after labelling. It was found that the labelled cells populated the third, fourth and 
sixth branchial arches, and also in the wall of the cardiac outflow tract (Fukiishi and 
Morriss-Kay, 1992). The migration pathways ofDiI-labelled cells were found similar 
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to that of cardiac neural crest cells in chick embryos, suggesting that cardiac neural 
crest cells in mammalian embryos migrated in a similar way as that in chicks. 
The existence and migration of cardiac neural crest cells in mammals were 
further confirmed by the use of a genetic marker Pax3 and its expression was detected 
by RT-PCR during mouse heart development in vivo. It was found that the up-
regulation of Pax3 expression correlated temporally with the arrival of neural crest 
cells at the outflow tract in the rat (Fukiishi and Morriss-Kay, 19^2; Conway et al.， 
1997a). Moreover, the Pax3 expression was found in cells emigrating from the 
occipital neural tube (i.e. migrating neural crest cells). These results supported that 
Pax3 could serve as a genetic marker of cardiac neural crest for in situ hybridization 
studies (Conway et al., 1997a). � 
Results of in situ hybridization studies in mouse embryos revealed a stream of 
Pax3-positive cells migrating from the occipital region into the aortic sac and outflow 
tract of the heart through the third, fourth and sixth branchial arches. This migration 
pathway of Pax-3 positive cells in mouse embryos is also similar to that found in 
chick embryos (Kirby, 1987; 1989; 1993; Miyagawa et al., 1990; Kirby and Waldo, 
1995, Conway et al., 1997a). Splotch homozygous mutant embryos (Sp^% with a 32-
base pair deletion in Pax3, showed a down-regulation of Pax3 in RT-PCR studies. In 
addition, the number ofPax3-positive cells found in mutant embryos was remarkably 
reduced or even absent (Conway et al., 1997a). The absence or reduced number of 
Pax3-positive cardiac neural crest cells was believed to result in heart defects. 
Splotch mutant embryos without any Pax3-positive cells would develop pesistent 
truncus arteriosus, while those with a detectable but reduced number ofPax3-positive 
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cells might achieve some degree of outflow tract septation ranging from a double 
outlet right ventricle to a completely divided outflow tract (Conway et al., 1997a). 
Besides the absence of Pax3-positive cardiac neural crest cells, the alteration 
in neuroepithelial cell-cell adhesion was also reported to produce neural tube and 
neural crest defects in Splotch mutants. When the neuroepithelial development in 
Splotch mutant mouse embryos was examined using SEM and TEM, it was found that 
Splotch homozygous mutant embryos exhibited variations in the ,orientation of the 
neuroepithelial cells. The neuroepithelium located in the lateral areas (i.e. the 
presumptive neural crest region) was disorganized and the processes of 
neuroepithelial cells projected laterally rather than toward the luminal surface (Morris 
and 0'Shea, 1983). Morris and 0'Shea (1983) also found a considerable increase in � 
extracellular space between neuroepithelial cells in mutant .embryos. In addition, the 
basal portion of the neuroepithelium was highly irregular and nuclei were often 
misaligned. 
The examination of neural crest cell migration in an in vitro cell culture 
showed that there was a delay in the onset of emigration of neural crest cell from 
mutant Splotch embryos. Furthermore, the rate of the outgrowth and the number 6f 
neural crest cells released from neural tube explaiits were also affected in mutants. It 
was thus believed that the faulty mechanism resided within the neuroepithelium 
where the ability ofneural crest cells to release at the appropriate time in development 
was affected (Moase and Trasler, 1990). 
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In another study, Serbedzija and McMahon (1997) found the defect caused by 
the splotch mutation was not intrinsic to the neural crest cells themselves, but due to 
inappropriate cell interactions either within the neural tube or between the neural tube 
and the somite. They showed that by transplanting a fragment of neural tube from a 
splotch mutant embryo to a chick embryo, the transplanted neural tube, when fused 
with the chick host neural tube, gave rise to labelled neural crest cells migrating along 
the appropriate ventral neural crest cell migration pathway and colonized both 
sympathetic ganglia and dorsal root ganglia. These findings indi.cated that splotch 
neural crest cells were intrinsically capable of normal migration, but they might be 
prevented from reaching their target locations by inhibitory interactions with their 
migratory environment (Henderson et al., 1997; Serbedzija and McMahon, 1997). 
% 
1.8 Objectives of the present study „ 
As mentioned in previous sections, cardiac neural crest cells in hindbrain 
region extending from the mid-otic placode to the somite 3 level play an important 
role in cardiovascular development involving septation of the cardiac outflow tract 
and patterning of aortic arteries. Ablation of this group of neural crest cells leads to 
heart defects in association with a wide range of neural crest anomalies. All these 
information on the role of neural crest cells in cardiovascular development is, 
however, derived from studies mainly done on chick embryos, and only a handful of 
studies are on mammals. 
The migration of mammalian cardiac neural crest cells has been previously 
studied by different methods including the transgenic technique, the genetic marker 
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Pax3 and the in situ labelling methods. Among all methods used in tracing cardiac 
neural crest cells, labelling methods using exogenous dye is the most appropriate one 
to mark the migration of cardiac neural crest cells due to the following reasons. First, 
although the transgenic technique using a two-component Cre/lox strategy can 
successfully label neural crest progeny in mouse embryos (Jiang et al., 2000), the 
expression patterns after genetic or teratogenic manipulation are potentially altered, 
making their use in defining crest cell fate in an experimental context less reliable. 
Second, the expression of the genetic marker Pax3 can only be det,ected in 9.5 d.p.c. 
(Conway et al., 1997a) but the migration of mammalian cardiac neural crest cells 
starts in 8.5 d.p.c. (Fukiishi and Morriss-Kay, 1992), making it an inappropriate 
marker for tracing cardiac neural crest cells at the stage when cardiac neural crest 
cells have just started their migration. � 
Fukiishi and Morriss-Kay (1992) have found out the migration of cranial 
neural crest cells to the branchial arches and heart in rat embryos by labelling the 
neural crest region with the fluorescent dye DiI. Although information on the fate and 
lineage of mammalian cardiac neural crest cells has been derived from this study, 
there is not much on the initial migration patterns of cardiac neural crest cells in 
mouse embryos. It is important to find out the initial migration of neural crest cells 
because altered migration of them at early stages can possibly lead to congenital 
defects. Regarding the heart development, it is especially important to examine the 
migration of cardiac neural crest cells. In order to study whether neural crest-related 
cardiac defects are due to the abnormal migration of cardiac neural crest cells at early 
stages, it is also important to find out the normal migratory pathway of cardiac neural 
crest cells in mammals. 
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Recently, Splotch has been an important model for studying the relationship of 
neural crest cells and heart defects. In Splotch mutant embryos, it has been proposed 
that there may be a reduction in the number of neural crest cells migrating from the 
occipital hindbrain to the outflow tract of the heart, leading to heart and neural crest 
defects (Conway et al., 1997a, c). The exact causes of the disorders in Splotch 
mutants are unclear. Moreover, it is still unknown whether the distribution and 
migration patterns of cardiac neural crest cells are altered in the mutant embryos. It is 
also controversial that the heart and neural crest defects found in Splotch mutants are 
due to intrinsic incapability of cardiac neural crest cells to migrate, or to the abnormal 
extracellular environment, which disturbs the neural crest cell migration. 
Because of the scanty information available on the initial migration of � 
mammalian cardiac neural crest cells, the present study was designed to find out the 
early migratory pathways of cardiac neural crest cells in Splotch mouse embryos, and 
compare the Splotch cardiac neural crest cell migration with that found in normal 
mouse embryos in order to see whether there are any abnormalities in the early 
migration of cardiac neural crest cells in Splotch mutants. The results of the present 
study showed abnormalities in Splotch neural crest cell migration, which are in line 
with the notion that abnormal neural crest migration is related to the defects found in 
the Splotch mutant. 
The present study was divided into three parts: The first part focused on 
ascertaining the initial migration pathway of cardiac neural crest cells in normal ICR 
mouse embryos. Mouse embryos were labelled with an exogenous dye Wheat Germ 
Agglutinin-Gold conjugates (WGA-Au) in the hindbrain and cardiac neural crest 
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region at the 4- to 5-somite stage. Labelled embryos were then cultured and harvested 
at various time points for morphological examinations. These embryos were then 
fixed, sectioned and stained with silver. The distribution and migration patterns of 
WGA-Au labelled cells were then examined and mapped out under a light 
microscope. The early migration pathways of cardiac neural crest cells in Splotch 
embryos were examined in the second part of the study. Splotch embryos were 
labelled with WGA-Au in the same way as in normal ICR mouse embryos. The 
distribution and migration patterns of cardiac neural crest cells in three genotypes of 
Splotch embryos, namely homozygous mutant, heterozygous mutant and homozygous 
wild-type, will be compared and discussed. If there are abnormalities in early 
migration of cardiac neural crest cells in Splotch mutants, the abnormalities may be 
induced by the defect of the neural crest cells themselves, the extracellular � 
environment which disturbs the normal migration of neural crest or a combination of 
both. This question was answered in the third part of the study by transplanting 
WGA-Au labelled neural crest fragments from one Splotch embryo to another with 
different Splotch genotypes, i.e. from homozygous mutant to heterozygous mutant or 
wild-type embryos, or vice versa. A conclusion of the present study will be given in 
Chapter 5. 
i 
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CHAPTER TWO. MATERIALS AND METHODS 
2,1 Materials 
2.1.1 Pregnant mice 
Random-bred pregnant ICR (Institute of Cancer Research) were obtained from 
the animal house ofThe Chinese University ofHong Kong. Mice were maintained in 
an artificial dark-light cycle. The 12-hour brightness started from 6 am to 6 pm and 
the 12-hour darkness from 6 pm to 6 am. Several female mice were put in a cage with 
a male mouse at the beginning of the dark period and they were assumed to have 
mated in the middle of the dark period, i.e. at 0 am. In the following moming, the � 
female mice were checked with a blunt-ended spatula for the presence of a yellowish-
white plug in the vagina. When the plug was detected, the female mouse was 
considered to be 0.5 day post coitum (d.p.c.). However, the presence of a vaginal 
plug is oniy a sign of successful coitus, but not an assurance of pregnancy. Thus 
females with a plug may not be all pregnant. 
2.1.2 Pregnant Splotch mice {Sp^") 
The Splotch mice used in this study were Sp^" which is a radiation-induced 
allele at the Splotch locus that arose on a C3H/101 background. Pregnant Sp^" were 
obtained from the animal house of The Chinese University of Hong Kong. Female 
heterozygous Splotch mice were put in a cage with a male heterozygous Splotch and 
they were maintained in an artificial dark-light cycle the same as for the ICR mice. 
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Heterozygous Splotch can be distinguished easily by looking at their abdomen where 
a patch of hair becomes white in stead of the brownish-grey colour (Fig. 2.1). The 
presence of a vaginal plug in female Splotch was considered to be 0.5 d.p.c. in the 
moming after the female and male Splotch were put together at the start of the dark 
period. 
2.1.3 Preparation of the handling medium 
i t 
PB1 was used as the handling medium for culturing 8.5 d.p.c. mouse embryos 
and it was prepared by using a packaged powder Dulbecco's Phosphate Buffered 
Saline (D-PBS) (Gibco, 11500-030) formula. One packet ofD-PBS was dissolved in 
800 ml double distilled water. A small packet of calcium chloride was dissolved in 20 � 
ml double distilled water and only 12 ml of it was added to the D-PBS solution. 
When the powder was dissolved, 4 g bovine serum albumin (BSA, Sigma, A-9418) 
was added to the solution and it was allowed to stand in room temperature until all the 
BSA was dissolved. The solution added with BSA should avoid vigorous stirring to 
prevent denaturation of the albumin. The pH of the solution was adjusted to 7.4 after 
the BSA was dissolved completely and then the solution was made up to lL with 
doubled distilled water. Finally, the solution was sterilized by filtering through a 
0-22^im filter membrane (Millipore) and stored in a sterilized bottle at 4°C. 
2.1.4 Preparation ofthe culture medium 
The culture medium used in whole embryo culture of 8.5 d.p.c. mouse 
embryos was pure rat serum which was prepared by immediately centrifugation of the 
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whole blood after the blood was withdrawn from the rat. The extraction of rat blood 
is described as belows. 
A Sprague-Dawley rat (SD rat) was put in a ja r filled with ether gas to make 
the rat unconscious. The unconscious rat was put on a bench and sprayed with 70% 
alcohol in the abdomen. An U-shaped opening was made in the abdomen and the 
intestine inside was placed on the right side of the rat. The rectum of the rat was 
separated from the small intestine attaching to it and the fat around the retum was 
removed carefully by using two pairs offorceps. The abdominal aorta was located at 
slightly right of the midline, pink in colour and seen to pulsate with the heart beat. A 
relatively large and dark red vein could be seen beside the abdominal aorta and that 
was the inferior vena cava. � 
About 1 cm of the abdominal aorta was exposed and inserted with a syringe 
connected with a 21G needle. 10 ml syringe should be used when the weight o f the 
rat is about 350 g while 20ml syringe is better for a rat weighs more than 400 g. The 
air inside the syringe should be excluded completely before insertion and once the 
needle was inserted in the aorta, it should not be removed otherwise blood would 
come out of the aorta quickly through the hole made by the insertion. ‘ 
It is important that the rat was kept alive with a rhythmic heart beat and 
respiration. Once the rat died, blood could not be obtained successfully from the rat. 
After the needled was inserted in the aorta, one hand was used to apply gently suction 
by pulling the syringe plunger. The syringe plunger should not be pulled too hard 
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Otherwise the erythrocytes would be haemolysed the quality of the serum would be 
degraded. 
The withdrawal of the blood was continued until the breathing of the rat 
stopped. Then the blood was transferred to a 15-ml centrifuge tube and immediately 
centrifuged at 2,200 rev/min (Hettich Universal II) for at least 5 minutes. The blood 
should be transferred gently to the centrifuge tube to avoid haemolysis of the 
erythrocytes. .. 
f f 
After the blood was drawn, the diaphragm of the rat should be punched with a 
pair ofscissors to assure the death of the rat. After centrifugation, a whitish fibrin clot 
was formed at the top of the blood. Serum was obtained by squeezing the clot with a � 
sterilized Pasteur pipette and recentrifuged at 2,800 to 3,000 rev/min (Jouan, CR112) 
for 25 minutes at 6°C. Clear supernatant was obtained with a Pasteur pipette and 
transferred to a new centrifuge tube. 
The serum was then heat-inactivated at 56°C for 45 minutes to allow the ether 
to vaporize. After heat-inactivation, the serum was stored in a tube with a cap on and 
stored at -20°C. Before the serum was used, it should be brought to 3 7 � C in a water 
bath. 5 ml of the serum was transferred to a sterilized 50 ml bottle (Wheaton Millville, 
NJ) in a biological safety cabinet. Then the bottle containing serum was gassed with 
2Qo/o oxygen and pre-equilibrated in a water-jacked incubator (Forma Scientific) with 
5 % carbon dioxide in air at 37 °C for several hours before use. 
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2.1.5 Gas mixtures for embryo culture 
50/0 carbon dioxide balanced with air was used throughout the culture. 
2.1.6 Preparation of Wheat Germ Agglutinin-GoId conjugates (WGA-
Au) 
Wheat germ agglutinin lectin (Sigma, L-0636) was crosslinked to bovine 
serum albumin (BSA, Miles, 81001-2) in 0.005 M NaCl together with 0.25% 
glutaraldehyde. Lectin and BSA crystals were allowed to dissolve slowly without any 
mixing. WGA-BSA complex was then conjugated with colloidal gold particles in 
unconjugated polygold solution (Polyscience, 09285) in the presence of 10% M-20 � 
polyethylene glycol (PEG) (Sigma). The WGA-Au solution was adjusted to pH 7.0 
by O.lM potassium carbonate solution before it was spun down at 35,000 rpm for 30 
min at 4 °C in a Beckman ultracentrifuge (L7-65). Concentrated WGA-Au solution 
appeared as a deep-red pellet at the bottom of the centrifuge tube and it was 
transferred carefully by using a glass micropipette and then stored in a clean 1.5 ml 
eppendorf tube at 4 °C before use. 
2.1.7 Preparation ofthe fixative 
Camoy's solution was used as the fixative and it was prepared by mixing the 
absolute alcohol, chloroform and glacial acetic acid in a ratio of 6:3:1. To prepare 10 
ml Camoy's solution, 3 ml chloroform and 1 ml glacial acetic acid were added to 6 ml 
absolute alcohol. 
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2.1.8 DNA solution for genotyping of Splotch embryos 
DNA for genotyping was obtained from the visceral yolk sac and the amniotic 
membrane of Splotch embryos. After culture, the Splotch embryos were 
morphological examined and their extra-embryonic membranes including the visceral 
yolk sac and amniotic membrane were tom out carefully. The membranes were 
rinsed in PBS and then stored in an eppendorf tube at -20°C until use. When the 
membranes were warmed up to room temperature and all the residual ofPBS solution 
inside the eppendorf tube was pipetted out. Then, 10 i^l autoclaved milli-Q water was 
added to the eppendorf tube and the membranes were minced into very small pieces 
by using a pipette-tip connected to a pipetteman. 
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2.1.9 Primers used in PCR for genotyping of Splotch embryos 
Primers used in PCR for genotyping Splotch embryos were WILD-2 and 
SP2H-C (GibcoBRL). There were 22 base pairs in WILD-2 and its sequence (5' to 3') 
was CCT CGG TAA GCT TCG CCC TCT G. The number ofbase pairs in SP2H-C 
was 24 and its sequence (5' to 3') was CAG CGC AGG AGC AGA ACC ACC TTC. 
The primers used were Pax3 primers for detecting the 32 base pair intragenic deletion 
in the Sp!" allele (Epstein and Vekemans, 1991). The final concentration ofprimers 
ill the PCR reaction mixture was 20 pmole. 
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2.1.10 PCR reagent system 
The PCR buffer, dNTP mixture and Taq DNA polymerase were obtained from 
the PCR reagent system (10198-018, GibcoBRL). The PCR buffer used was 10X 
PCR buffer plus Mg [200 mM Tris-HCl (pH 8.4)，500 mM KC1 and 15 mM M g C l 2 ] . 
The concentration of dNTP mix was 10 mM [10 mM each dATP, dCTP, dGTP and 
dTTP] and the concentration of Taq DNA polymerase was 5 U / ^il. 
i> 
2.1.11 lOXTBE “ 
54 g Tris-base (TRIZMA BASE, T-1503, SIGMA), 27.5 g boric acid (B-6768, 
SIGMA) and 18.2 ml EDTA (0.55M, pH 8.0) were dissolved in 400 ml distilled � 
water. When all the powder was dissolved, the solution was adjusted to pH 8.3 and 
then made up to 500 ml with distilled water. 10 X TBE was later diluted 10-fold to 
lXTBE. 
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2.2 Methods 
2.2.1 Isolation of embryos from pregnant mice 
Female mice were killed by cervical dislocation because it is considered to be 
moral and convenient. The mouse to be sacrified was placed on a cage by grasping its 
tail in one hand. A pair of scissors held by the other hand was placed against the base 
o f the mouse head just below the ears, so the head of the mouse was now pressed and 
fixed, and then the tail wasjerked backward so as to stretch the neck. 
The freshly killed mouse was placed on the bench and the abdomen was 
soaked with 70 % alcohol to avoid contaminating the abdominal cavity with hair (Fig. � 
2.2a). Then the abdomen of the mouse was opened and the uterus was free from fat 
(Fig. 2.2b，c). The uterus was opened by cutting it carefully along the 
antimesometrial side with a pair of fine scissors (Fig. 2.2c). When the uterus was 
completely opened, one end was held with a pair of fine forceps and the other pair of 
forceps was slipped on the side of the uterine sheet. Each placental attachment was 
dragged across with the forceps and the embryos were teased free gently (Fig. 2.2d). 
The conceptuses were gently transferred by a wide bore Pasteur pipette to a 
Petri dish with warmed PB1 (Fig. 2.2e). Excessive compression of the decidua should 
be avoided during dissection in order to prevent deformation of the embryos. 
The decidua of an embryo was removed with two pairs of watchmaker's fme 
forceps in warm PB1 under a dissecting microscope. The decidua appeared in tear-
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shape (Fig. 2.3a). The embryo lied in the apical side of the decidua and the placenta 
was in the broader side. There was a shallow groove along the midline of the broader 
side of the dicidua. 
To isolate the embryo from the decidua, a pair of fine forceps was used to hold 
the decidua at its apical side, then the broader side of the decidua was cut along the 
groove by using the other pair of fine forceps which acted as a pair of scissors. The 
broader side of the decidua was then separated into two parts (Fig,.2.3a). The rest of 
tlie decidua was further separated two-side apart by a gently tearing action. One-half 
of the decidua was then removed, leaving the embryo embedded in the other half(Fig. 
2.3b). A further longitudinal incision in the remaining decidua was made and the 
resulting flaps of decidua were pulled gently so the embryo could be teased away � 
(Fig. 2.3c). The Reichert's membrane is a thin and transparent membrane covering the 
yolk sac membrane and it should also be removed before the embryo was labelled 
(Fig. 2.3d). It was trimmed up but not beyond the placental border so the visceral 
yolk sac and ectoplacental cone were left intact, then the embryo was ready for 
labelling (Fig. 2.3e). 
2.2.2 In situ labelling of exogenous dye 
The migration pathway of neural crest cells was studied by in situ labelling 
followed by whole embryo culture. In situ labelling was done by injecting an 
exogenous dye WGA-Au solution to the neural tube of an 8.5 d.p.c. mouse embryo 
under a Nikon stereomicroscope. 
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An injection micropipette was used to inject the exogenous dye solution into 
an embryo and was made by fabricating a glass capillary (Clark Electromedical 
Instruments, GC lOOT-15) on a vertical pipette puller (David Kopf Instruments, 
Model 720). An opening of the micropipette was made by grasping the tapered end 
with a pair of forceps. The hand-held, mouth-controlled micropipette was connected 
with a rubber tube and the other end of the rubber tube was connected to a mouth 
piece. 
1» 
Before injection, one drop (about 1^1) of WGA-Au was transferred to a clean 
Petri dish and covered with a layer of paraffin oil (BDH) to prevent evaporation of the 
dye. The injection pipette was filled with warm PB1 (about 2 cm in length) by 
suction at the other end connected to a mouth piece. Then a small drop of WGA-Au � 
solution (about 5 mm in length) was filled by suction t o o . ‘ 
An isolated 8.5 d.p.c. embryo with an intact yolk sac and an ectoplacental 
cone was held by a pair of watchmaker's forceps. The injection micropipette filled 
with PB1 and WGA-Au solution was pierced through the visceral yolk sac and the 
amniotic membrane carefully (Fig. 2.4a). The tip of the injection micropipette was 
firstly moved along the hindbrain neural crest region to label the neuroepithelium, 
then it was moved to the anterior neuropore to dissipate the dye solution into the 
neural tube of the embryo (Fig. 2.4b). The labelled region should be confined to the 
neuroepithelium and the neural tube and excessive release of labelling dye should be 
avoided. After labelling, the injection pipette was withdrawn carefully from the yolk 
sac and amniotic membrane. The labelled embryo now was ready for culture (Fig. 
2.4c). 
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2.2.3 Orthotopical grafting of neural crest fragment 
Splotch mutant embryos at the 4 to 5-somite stage were isolated with all the 
embryonic membranes removed. The hindbrain region extending from the post-otic 
sulcus to somite 2 level was dissected out and rinsed with phosphate-buffer saline 
(PBS) (Fig.2.5a). The embryonic membranes and the remaining part of the Splotch 
donor embryo were also rinsed with PBS. They were then stored in a clean eppendorf 
tube for genotyping. The hindbrains of Splotch donor embryo were immersed in a 
mixture of enzymes containing 2.5% pancreatin (Sigma, Grade III) and 0.5% trypsin 
(Sigma, Grade III) in PBS. The mixture was prewarmed to 37°C before the 
hindbrains were immersed in it. The dissected embryo was then treated with the 
enzyme mixture for 3 minutes to detach the neural tube or neural plate from the � 
surface epithelium, the surrounding mesenchyme, somites and the notochord (Fig. 
2.5b). • 
The neural tube or the neural plate was free of surrounding tissues after 
enzymatic treatment and was transferred to an autoclaved glass Petri dish containing 
warm PB1. The hindbrain neural crest fragments were dissected out from the lateral 
margins of the neural tube and labelled with WGA-Au solution for about 5 minutes' 
(Fig. 2.5c). The labelled neural crest fragments were then transferred to another Petri 
dish and further dissected into small tissue clumps of about 50 cells. The clumps 
were transferred to a drop of PB1 medium on a clean plastic culture dish and one 
clump was sucked into the tip of the injection micropipette for each transplantation 
(Fig. 2.5d). 
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The injection micropipette used in orthotopical grafting was the same as that 
used in exogenous dye labelling (section 2.2.2). Splotch host embryo with intact yolk 
sac membrane and ectoplacental cone was held by a pair of fine forceps using one 
hand, while the injection micropipette which was connected to a mouth piece was 
held by another hand. The injection pipette was pushed through the yolk sac 
membrane and the amnion into the hindbrain neural crest region of the embryo. The 
clump of the labelled neural crest cells was then expelled out of the tip of the injection 
pipette into the hindbrain neural crest region at the level betwqen rhombomere 7 
(region immediately rostral to somite 1) and caudal end of somite 1 (Fig. 2.5e). The 
exact position of the graft was then ascertained by careful inspection of the host 
embryo under a stereomicroscope (Fig. 2.5f, g). 
% 
2.2.4 Whole Embryo culture „ 
Embryos after in situ labelling of the exogenous dye were individually 
transferred into a sterilized bottle containing the rat serum which had been pre-
equilibrated with 5% CO2 balanced in air. 5 embryos were cultured in 5 ml rat serum 
which occupied about one-tenth of the 50 ml-bottle volume. Then the bottle 
containing the embryos was gassed with the gas mixture (5 % carbon dioxide ‘ 
balanced in air) and regassed at an eight-to-twelve-hour interval. The embryos were 
cultured for 8 to 26 hours at 37°C in a roller (BTC Enginerring, UK). After culture, 
the embryos were examined for their morphological features before they were fixed 
and sectioned. 
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2.2.5 Morphological examination of cultured embryos 
Embryos after culture were harvested at different time intervals. They were 
transferred to warm PB1 for inspection ofyolk sac circulation and heart beat and the 
result was recorded. The visceral yolk sac and amniotic membrane were then opened 
and the embryo was isolated for examination. Morphological features such as the 
presence ofbranchial arches, forelimb buds, optic and otic placodes, the closure of the 
neural tube as well as the turning of the body were examined. The number ofsomites 
was also recorded. The embryos were then fixed in Camoy's solution for 45 minutes 
before they were processed. 
2.2.6 Histological examination of cultured embryos � 
The fixed embryos were transferred to 70% alcohol for storage. To process 
the embryos for wax sectioning, fixed embryos were dehydrated in 80 % alcohol for 3 
minutes, 95 % alcohol for 6 minutes and two times absolute alcohol for 5 minutes. 
Then the embryos were transferred to xylene for 2 minutes twice before they were 
incubated in wax at 60 °C for 30 minutes. The wax was changed 15 minutes after 
incubation. The embryos were oriented and embedded in wax for serially transverse 
sectioning at a thickness of 7^m and the sections were mounted on micro slides 
(VWR, 48311-703). 
Silver enhancement staining was used to stain up cells with WGA-Au. 
Sections were firstly incubated in an oven at 6 0 � C for 30 minutes to melt the wax, 
then they were immersed in xylene for 5 minutes three times. The sections were 
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further rehydrated in absolute alcohol for 5 minutes, 95 % alcohol for 3 minutes, 80 % 
alcohol for 2 minutes and 70 % alcohol for 2 minutes respectively. After rehydration, 
the sections were washed in distilled water for 5 minutes. 
The dewaxed sections were then incubated in silver developer solution 
containing 0.11% silver lactate (Fluka 85210) and 0.85% hydroquinone (BDH, 
1031¾ for 12 minutes in a dark room. The sections were then washed in distilled 
water for 1 minutes with moderate shaking. They were further treated with a 
photographic fixer (AGFA, B&W Fixer, fixer : distilled water = 1:3) for 5 minutes 
and then counter stained with 0.5% fast green for 5 minutes. 
After staining, the sections were dehydrated in graded alcohol and xylene � 
before cover slips were mounted on them with pemiount (Fisher Scientific, SP15-
500). The sections were then examined under a light microscope after the permount 
was solidified. 
2.2.7 Examination of labelled cells in sectioned embryos 
Serially sectioned embryos at different stages were analysed for the. 
distribution of labelled cells in diffent regions at three different levels including the 
pre-otic hindbrain neural crest, post-otic / presomitic cardiac neural crest and somitic 
cardiac neural crest levels. At the pre-otic hindbrain neural crest level, three different 
mesenchymal regions were examined, they were the future trigeminal ganglion, future 
facial ganglion and the first branchial arches. The mesenchymal regions of the future 
trigeminal and facial ganglion and the first branchial arches at different stages were 
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identified with a mouse Atlas (Kaufman, 1992) and the numbers of the labelled cells 
in these regions were counted. 
Three different mesenchymal regions at the post-otic / pre-somitic cardiac 
neural crest level were examined and labeled cells in these regions were counted. 
These regions were: (1) the mesenchymal region bounded by the surface surface 
epithelium, neural tube and dorsal aorta and this mesenchymal region was dorsal to 
the dorsal aorta (area enclosed by the blue dotted line in Fig. 2.6A); (2) the 
It 
mesenchymal region lateral to the dorsal aorta (area enclosed by the red dotted line in 
产 
Fig. 2.6A), and (3) the mesenchymal region lateral to the primitive pharynx (area 
enclosed by the purple dotted line in Fig. 2.6A). At the somitic cardiac neural crest 
level, labelled cells were examined at the mesenchymal regions (1) between the 
surface ectoderm and the somite (area enclosed by the red dotted line in Fig. 2.6B); 
(2) between the somite and the neural tube (area enclosed by the blue dotted line in 
Fig. 2.6B) and (3) between two consecutive somites where loose mesenchymal cells 
were found in the region somite previously appeared. 
2.2.8 Genotyping of Splotch embryos by PCR 
2.5 i^l 10X PCR buffer (plus Mg), 0.5 i^l dNTP mix, 0.5 i^l primer 
WILD-2 and 0.5 ^1 primer SP2H-C were mixed in every PCR tube for running PCR. 
Then, autoclaved milli-Q water, template solution and Taq DNA polymerase added 
individually to the PCR tubes. In order to give the final PCR reaction volume to 25 
M-1, 20.8 t^l autoclaved milli-Q water was added in the control in which no template 
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was added, and the volume of water added to tubes with templates was 17.8 ^1 3 i^l 
template solution and 0.2 i^l Taq DNA polymerase was added in each experimental 
tube and then all the tubes were put in the PCR machine (Perkin Elmer, GeneAmp 
PCR System 2400). The number of cycle was 30 and the condition for PCR was as 
follows. The denaturation temperature was 95°C and the duration was 1 minute. The 
annealing temperature was 60�C and the duration was 1 minute. The elongation 
temperature was 7 2 � C and the duration was 1 minute 30 seconds. For the Post-PCR 
reaction, the temperature was lTC lasting for 10 minutes and the samples were kept 
at 4°C after Post-PCR reaction. 
2.2.9 Gel electrophoresis � 
3% agarose gel was used to run the PCR product. 2.4 g agarose powder (A-
6013, SIGMA) was dissolved in 80 ml hot, fresh IX TBE. 12 i^l Ethidium-Bromide 
(EB) solution (6 ^ig/^il) was then added to the agarose solution and the agarose 
solution was stirred to cool down. The agarose solution with ethidium bromide (EB) 
was then poured into a gel tank with a comb. When the agarose was solidified, the 
comb was removed and 1 X TBE was poured into the tank until the gel was totally 
bathed in it. 10 i^l PCR product was mixed with 2 jitl 6X DNA loading dye and the 
mixture was loaded into the well of the gel carefully. A DNA marker (Promega, 
pGEM, G1741) was also run for the identification of the size of bands. After all the 
samples were loaded into the wells, the tank was connected to a power supply (Model 
200/2.0, BIO-RAD) and 65 Voltage was applied on it until the purple color of the 
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loading dye reached to the other side ofthe gel. The gel was then examined in an UV 
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CHAPTER THREE. RESULTS 
^ Initial migration of cardiac neural crest cells in normal ICR mouse emhrynx 
3丄 1 Gross morphological examination of cultured embryos 
The labelled ICR embryos after culture were taken out from the culture 
medium to warm PB1 for morphological examination and the label appeared in black 
! • 
colour after culture (Fig. 3.1.1). Eighteen embryos were labelled at the 4- to 5-somite 
stage and harvested at the 8- to 9-somite stage (Table 1). All cultured embryos 
exhibited strong heart beat but the yolk sac circulation was undetectable at this stage. 
All embryos had not yet tumed the body, and optic placodes, otic placodes and limb � 
buds were not formed either. Only the first branchial arches were present in embryos 
at the 8-to 9- somite stage and the neural tube was still widely open at this stage. The 
external features of in vitro embryos were similar to those of in vivo embryos at this 
stage (Table 1). In vivo embryos did not have yolk sac circulation, the optic and otic 
placodes, the second branchial arches or the forelimb buds. They also possessed a 
widely opened neural tube as the in vitro embryos. 
Twenty labelled embryos were harvested at the 11- to 13-somite stage after 
culture. All cultured embryos exhibited strong heart beat and yolk sac circulation 
(Table 1). 60% ofembryos had tumed their body. Some embryos had formed optic 
and otic placodes (60% and 50% respectively) but limb buds were still absent at this 
stage. Some in vitro embryos had formed the second branchial arches and all in vitro 
embryos showed an opened neural tube. The external features of in vitro embryos 
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were similar to the in vivo embryos at the same stage. Except for the complete body 
tuming，all morphological values did not show any significant differences after 
statistical analyses (chi-square test, p>0.05). 
Thirteen labelled embryos were cultured to the 15- to 17-somite stage and all 
of them exhibited strong heart beat and yolk sac circulation which were as good as the 
/« vivo embryos (Table 1). All in vitro embryos showed optic placodes, otic placodes 
and second branchial arches as the in vivo embryos (Table 1). Similar percentage of 
it 
m vitro and in vivo embryos (54% and 60% respectively) showed forelimb buds but a 
lower percentage of in vitro embryos (54% in vitro, 100% in vivo) had tumed their 
body axis. The neural tubes in all in vitro embryos were still opened at this stage and 
similar observation was found in in vivo embryos (Table 1). 
Thirty labelled embryos were cultured to the 19- to 21-somite stage and all of 
them exhibited strong heart beat and yolk sac circulation (Table 1, Fig. 3.1.2b). All 
cultured embryos formed forelimb buds, optic and otic placodes and all these 
sturctures formed were the morphologically the same as those in the in vivo embryos 
(Fig. 3.1.3). Moreover, all cultured embryos had two branchial arches and a closed 
neural tube but a lower percentage of in vitro embryos showed the normal body axis . 
(80o/o in vitro, 100% in vivo). The result of the morphological examination oiin vitro 
and in vivo normal mouse embryos is summarized in Table 1. 
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丄 1.2 Distribution of labelled cells after WGA-A u labelling 
The neural crest regions of mouse embryos were labelled with WGA-Au at the 
4- to 5-somite stage and the labelled embryos were cultured to different stages. 
Cultured embryos after sectioning and silver staining were examined under a light 
秦 
microscope. In the cross section of a labelled embryo, dark granules were found in 
the cytoplasm of WGA-Au labelled cells (Fig. 3.1.4). The distribution of WGA-Au 
labelled cells was examined at pre-otic hindbrain, post-otic / pre-somitic cardiac and 
it somitic cardiac neural crest levels. The pre-otic hindbrain level is a non-cardiac 
rf 
neural crest region which lies just rostral to the cardiac neural crest. The post-otic / 
pre-somitic cardiac neural crest level lies in a region caudal to the otic placodes but 
rostral to the first somite. The somitic neural crest region lies between the rostral part 
� 
of the first somite to the caudal part of the second somite. The neural tube of a 
successfully labelled embryo was heavily stained with WGA-Au (Fig. 3.1.1)，so in a 
cross section of a labelled embryo stained with silver, a lot of dark granules were seen 
in the cytoplasm of the neural tube cells (Fig. 3.1.4). Besides, the surface epithelium 
adjacent to the neural tube was also stained because the dye may sometimes diffuse 
across the neural crest to the surface epithelium during labelling (Fig. 3.1.4). When 
embryos were taken to be fixed, sectioned and stained with silver immediately after 
labelling, no labelled cell was found inside the mesoderm, labelled embryos which 
were cultured for three hours (Fig. 3.1.4), indicating that the exogenous dye WGA-Au 
did not diffuse into the mesoderm from the surface epithelium. Hence, labelled cells 
found in the mesenchyme are neural crest cells because they are the only types of 
cells migrating out of the dorsal part of the labelled neural tube to the mesoderm. 
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Labelled embryos developed to the 8- to 9-somite stage after cultured for 8 to 
9 hours. Since otic placodes had not yet formed at this stage, the distribution of 
WGA-Au labelled cells was examined at the following hindbrain levels: (1) the pre-
otic sulcus level; (2) the post-otic sulcus / pre-somitic level, and (3) the somitic level. 
In a cross section of the mouse embryo at the pre-otic sulcus level (Fig. 3.1.5), WGA-
Au labelled cells were found in the mesenchyme underneath in neural crest region 
(dorsal region of the neuroepithelium in cross section) (Fig. 3.1.5c). It was believed 
that labelled cells had just started their migration because some of them were found 
1» protruding from the neuroepithelium to the underlying mesenchyme. The locations 
f f 
where labelled cells were found were the region of the future trigeminal ganglion in 
the first branchial arches (Fig. 3.5b, c) and the region offacio-acoustic ganglion (Fig. 
3.1.6b，c) in the second branchial arches (Kaufman, 1992). At the post-otic sulcus / 
� 
pre-somitic level (Fig. 3.1.7a), labelled cells were found mainly in the dorsal part of 
the embryo just underneath the surface epithelium (Fig. 3.1.7b，c). In the cross 
section at the somitic level (Fig. 3.1.8a and b), labelled cells were found in four 
distinct regions in all embryos examined (Fig. 3.1.8c, d, e and f). These regions were: 
(1) the mesenchyme dorsal to the neural tube; (2) the mesenchyme between the 
surface epithelium and somite; (3) the mesenchyme between the neural tube and the 
somite，and (4) the mesenchyme between two consecutive somites, i.e. the 
intersomitic space. 
At the 11- to 13-somite stage, i.e. 15 to 16 hours after labelling, more WGA-
Au labelled cells were found to populate the trigeminal and facio-acoustic neural crest 
regions in a cross section of the embryo at pre-otic hindbrain level in comparison to 
the 8- to 9-somite stage (Fig. 3.1.9b to e). At the same level, labelled cells migrated 
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to a more ventral region to populate the mesenchyme in the first (Fig. 3.1.9f) and 
future second branchial arches which were not completely formed at this stage. In a 
cross section of the labelled embryo at the post-otic / pre-somitic cardiac neural crest 
level, WGA-Au labelled cells were found to migrate ventrally in a dorsolateral 
pathway from the dorsal part of the neural tube to the mesenchyme lateral to the 
dorsal aorta (Fig. 3.1.9g, h). In other words, at the 11- to 13-somite stage, labelled 
cells migrated to more ventral positions than at the 8- to 9-somite stage. However, no 
labelled cell was found in the mesenchyme medial to the dorsal aorta and around the 
II notochord at all levels examined. At the somitic cardiac neural crest level, WGA-Au 
f f 
labelled cells were found in the mesenchyme dorsal to the neural tube (Fig. 3.1.9k)， 
and the region between the surface ectoderm and the somite (Fig. 3.1.9j and k). 
Labelled cells were also found in the mesenchyme between the somite and the neural 
% 
tube (Fig. 3.1.9j and k), and also between two consecutive somites (Fig. 3.1.91 and m). 
The distribution of WGA-Au labelled cells at the somitic cardiac neural crest level at 
the 11- to 13-somite stage was similar to that found at the 8- to 9-somite stage. In 
addition to the observation that more labelled cells from the somitic cardiac neural 
crest were found along the migratory pathways, they were also found to migrate more 
ventrally in comparison to the earlier stage. 
In the cross section of a labelled mouse embryo at the 15- to 17-somite stage 
(20 to 22 hours after culture), a large number ofWGA-Au labelled cells were found to 
colonize the trigeminal and facio-acoustic neural crest regions at the pre-otic 
hindbrain level. They also densely populated the first and second branchial arches. 
At the post-otic / pre-somitic cardiac neural crest level, WGA-Au labelled cells were 
found to scatter in the origin of the third branchial arches. They migrated in the 
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mesenchymal pathway extending from the dorsal part of the neural tube to the 
mesenchyme lateral to the primitive pharynx (Fig. 3.1.10a to d). However, the 
mesenchyme medial to the dorsal aorta and around the notochord was free of labelled 
cells (Fig. 3.1.10b). At the somitic cardiac level, the histological appearance o f t h e 
cross section at this stage was similar to that observed at the previous stages, but 
however, the space between the surface epithelium and the somite became narrower 
(Fig. 3.1.10e, f). The distribution ofWGA-Au labelled cells at this level at the 15- to 
17-somite stage was also similar to that found at the 8- to 9- and 11- to 13-somite 
stages (Fig. 3.1.10e, f, g). However labelled cells were more commonly found in the 
/ f 
mesenchyme between the somite and the neural tube than in the region between the 
surface epithelium and the somite at this stage (Fig. 3.1.10e, f). 
% 
At the 19- to 21-somite stage, i.e. 26 to 28 hours after labelling, WGA-Au 
labelled cells densely populated the future trigeminal and facial ganglia (Fig. 3.1.11b 
and c), and also the mesenchyme of the first (Fig. 3.1.11d) and second branchial 
arches at the pre-otic hindbrain neural crest level. At the post-otic / pre-somitic 
cardiac neural crest level, in comparison to earlier stages, fewer labelled cells were 
found in the mesenchyme overlying the neural tube but more of them were found 
adjacent to the dorsal aorta and primitive pharynx (Fig. 3.1.11e). Besides, some of 
them further migrated to the ventral part of the primitive pharynx, a mesenchymal 
region between the primitive pharynx and the aortic sac of the heart (Fig. 3.1.Hf). 
The number of labelled cells found at the somitic level was greatly reduced at the 19-
to 21-somite stage compared with that found at earlier stages. In all embryos 
examined, WGA-Au labelled cells were found in the mesenchyme between the somite 
aiid the neural tube (Fig. 3.1.11h). 40% of embryos were found to have labelled cells 
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in the mesenchyme between two consecutive somites but only 20% of embryos were 
found between the surface epithelium and the neural tube. The distribution of WGA-
Au labelled cells in normal ICR mouse embryos at different stages was summarized 
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3.2 Initial mi2rati0n of cardiac neural crest cells in Splotch embrvos 
3.2.1 Genotyping 
In normal mouse embryos, the amplified segment ofPax 3 is of the size of 127 
base pairs. Since there is a 32-base-pair deletion in the mutant, the mutant shows a 
band in 95 base pair size after the amplification of its genomic DNA by using specific 
primers in PCR. Hence, in the agarose gel electrophoresis of the PCR product (Fig 
3.2.1), the wild-type embryos with normal Pax 3 gave a single band in 127 base pair 
size while the homozygous mutants also gave a single band but in 95 base pair size. 
Since heterozygous mutant embryos have one mutant allele and one normal allele, 
they gave both truncated and normal bands in 127 and 95 base pair size (Fig 3.2.1). 
3.2.2 Morphological examination ofSplotch mutant embryos after culture 
Seventeen Splotch embryos were labelled with WGA-Au at the 4- to 5-somite 
stage and isolated for morphological examination at the 8- to 9-somite stage 8 to 9 
hours after culture. The extra-embryonic membranes were stored for genotyping 
when the embryos were isolated for examination. After genotyping, it was found that 
four out of seventeen Splotch embryos were wild-type, eight of them were 
heterozygous mutants and five of them were homozygous mutants. All labelled 
Splotch embryos of different genotypes exhibited strong heart beat after culture 
(Table 3). The blood circulation in the yolk sac membrane had not developed yet, so 
the yolk sac circulation was undetectable at this stage. Other than the absence of the 
yolk sac circulation, the optic and otic placodes and the forelimb buds were also 
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absent at this stage. All cultured Splotch embryos possessed only the first branchial 
arches. In addition, all of them had not yet turned their body axes and their neural 
tubes were still widely open. These external features were similar in all embryos of 
different genotypes and also similar to in vivo normal ICR mouse embryos at the same 
stage (Table 3). The result on the morphological examination of labelled Splotch 
embryos cultured to 8- to 9-somite stage also indicated that it was impossible to 
identify their genotypes only by morphological examination because of absence of 
distinct morphological features in embryos ofdifferent genotypes. 
II 
Twenty-one WGA-Au labelled Splotch embryos were harvested at the 11- to 
13-somite stage 15 to 16 hours after culture. Among all embryos examined, five of 
them were wild-type, ten of them were heterozygous mutants and six of them were 
homozygous mutants. All cultured embryos exhibited strong heart beat and yolk sac 
circulation (Table 3), indicating that their blood circulation was normal in in vitro 
culture system. Embryos of all genotypes started to form optic placodes and the 
second branchial arches at this stage. 60% wild-type and 40% heterozygous mutants 
had completed their body turning and some of them had already formed normal otic 
placodes. However, at the 11- to 13-somite stage, no homozygous mutant embryo 
was found to have the complete turning of the body axis, nor otic placodes. In all 
Splotch embryos examined, none of them showed forelimb buds, and all embryos 
possessed an opened neural tube at this stage (Table 3). 
Thirty-five labelled Splotch embryos were harvested at the 15- to 17-somite 
stage after cultured for 21 to 22 hours. Nine out of thirty-five Splotch embryos were 
wild-type, 14 of them were heterozygous mutants and twelve of them were 
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homozygous mutants. All Splotch embryos examined showed strong heart beat and 
yolk sac circulation after culture. They also possessed normal optic and otic placodes, 
and the second branchial arches (Table 3). 44% (4 out of 9) wild-type, 57% (8 out of 
14) heterozygous mutants and 42% (5 out of 12) homozygous mutants showed 
forelimb buds. In addition, most of the wild-type and heterozygous mutant embryos 
(890/0 and 71% respectively) showed the complete turning of body axis, however, the 
percentage of homozygous mutant embryos found to have a complete body turning 
was only 42%. These percentages were lower than in vivo normal ICR mouse 
embryos that was 100%. The neural tubes in all embryos were not closed completely 
as were the neural tube of the normal in vivo embryos at this stage (Table 3). 
Thirty-four splotch embryos grew up to the 19- to 21-somite stage after 
cultured for 26 to 28 hours, among which six of them were wild type, twenty ofthem � 
were heterozygous mutants and eight of them were homozygous mutants. Similar to 
m vivo embryos at the same stage, all cultured embryos exhibited strong heart beat 
and yolk sac circulation, and showed normal optic and otic placodes and two 
branchial arches. All normal ICR mouse, wild-type and heterozygous mutant Splotch 
embryos were found to possess forelimb buds. However, only 75% of homozygous 
mutant embryos (6 out of 8) showed forelimb buds. Over 90% of wild-type and 
heterozygous mutant embryos had a closed neural tube, but the percentage of 
homozygous mutant embryos found to possess a closed neural tube was only 38 
(Table 3, Fig. 3.2.2). However, when in vivo normal mouse embryos were examined 
at the same stage, all of them showed complete closure of the neural tube. 
Furthermore, when the body axes of the in vivo normal mouse embryos were 
examined, all of them showed the complete body turning. Among all homozygous 
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mutant embryos, only 50% of them showed a complete body turning and the 
percentage was 83% in wild-type embryos and 90% in heterozygous mutant embryos. 
A comparison of all morphological scores between Splotch embryos and in vivo ICR 
normal was made in Table 3. 
3.2.3 Morphological examination of in vivo Splotch embryos 
In order to find out whether the high occurrence of opened neural tube in 
cultured homozygous mutant embryos was also present in in Vivo Splotch embryos, 
neural tube features of in vivo Splotch embryos that were developed inside the utems 
instead of in the culture medium were examined at two different stages. They were 
the 32- to 33-somite stage (10.5 d.p.c.) and the 46- to 47-somite stage (11.5 d.p.c.). 
Fourteen Splotch embryos were examined at the 32- to 33-somite stages and five of � 
them were wild-type, four of them were heterozygous mutants and five of them were 
homozygous mutants. All wild-type and heterozygous mutant embryos showed 
similar morphological features as the normal mouse embryos at the same stage, so 
they possessed normal optic and otic placodes, first and second branchial arches, 
forelimb and hindlimb buds, heart and closed neural tubes (Fig. 3.2.3). Homozygous 
mutant embryos also showed similar external features. However, all of the embryos 
examined showed neural tube defects with different degrees of severity (Fig. 3.2.4). 
Two out of five homozygous embryos showed widely opened neural tubes at the 
hindbrain region (Fig. 3.2.4a to c) and their caudal neural tubes in the tail region were 
also opened. Two out of five (40%) homozygous embryos showed less severe neural 
tube defects with closed but smaller hindbrains (Fig. 3.2.5a, b). In their tail regions, 
the caudal neural tubes were opened (Fig. 3.2.5c). One out of five homozygous 
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mutant embryos showed curly tail and opened caudal neural tube only but its 
hindbrain is closed, expanded and transparent, similar to the wild-type and 
heterozygosu mutant embryos (Fig. 3.2.6a, b). 
Sixteen in vivo Splotch embryos were examined at the 46- to 47-somite stage 
and three of them were wild-type, seven of them were heterozygous mutants and six 
of them were homozygous mutants. Similar to the 32- to 33-somite stage, all wild-
type and heterozygous mutant embryos showed normal optic and otic placodes, 
forelimb and hindlimb buds, and closed neural tube. (Fig." 3.2.7). Among six 
homozygous mutant embryos, two o? them (33%) showed opened neural tube at both 
hindbrain (Fig. 3.2.8a, b) and tail (Fig. 3.2.8c) regions. One ofthem showed a closed 
but small hindbrain with opened caudal neural tube and two out of six homozygous 
mutant embryos showed normal hindbrain but curly tail or opened caudal neural tube. � 
3.2.4 Distribution of WGA-Au labelled cells in Splotch embryos 
The distribution of WGA-Au labelled cells in Splotch embryos was examined 
in the same way as in normal mouse embryos (described in section 3.1.2), so Splotch 
embryos at the 8- to 9-somite stage were examined for the migration of labelled cells 
at the pre-otic sulcus hindbrain level, the post-otic sulcus / pre-somitic hindbrain level 
and the somitic hindbrain level. When otic placodes were formed, the distribution of 
labelled cells was examined at the pre-otic hindbrain level, the post-otic / pre-somitic 
cardiac neural crest level (extending from the caudal margin of the otic placodes to 
the rostral margin of the first somite) and the somitic cardiac neural crest level 
(extending from the rostral margin of the first somite to the caudal margin of the 
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second somite). The result of the present study showed that there were differences in 
the migratory patterns of WGA-Au labelled cells in the mesenchyme when Splotch 
embryos of different genotypes were examined at different levels. No labelled cells 
were found in the mesenchyme medial to the dorsal aorta and around the notochord in 
all embryos of different genotypes examined at all the levels examined. In order to 
compare the distribution of labelled cells found in different regions between different 
genotypes, the numbers of labelled cells were counted with the aid of the software 
"Metamorph" on a IBM compatible computer. The result of the distribution of WGA-
Au labelled cells in Splotch embryos is presented as follows. “ 
^ 
The histological appearance of Splotch embryos was similar to that of normal 
mouse embryos when they were examined at the same level and at the same somite 
stage. When all cultured embryos were examined at the pre-otic hindbrain level at the 
8- to 9-somite stage, they showed similar numbers ofWGA-Au labelled cells in the 
mesenchymal regions of the future trigeminal and facio-acoustic ganglia (no 
significant difference between all genotypes) (Fig. 3.2.9b to i) and these numbers 
were similar to that found in normal mouse embryos (Graph lA). In the wild-type 
and heterozygous mutant embryos, WGA-Au labelled cells were also found at the 
post-otic / pre-somitic cardiac neural crest level in the mesenchymal region lateral to 
the neural tube, indicating that they had migrated out of the neural tube to start their 
migration in the mesenchymal regions (Fig. 3.2.9j to m). However, fewer labelled 
cells in the mesenchymal region lateral to the neural tube were found in the 
heterozygous than in the wild-type embryos (Graph lA) when the homozygous 
mutant embryos were examined at the same level, no labelled cell was found in the 
similar region (Table 4, Fig. 3.2.9n, o, Graph lA). In wild-type embryos examined at 
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the somitic cardiac neural crest level, WGA-Au labelled cells were found in the 
mesenchyme overlying the neural tube (Fig. 3.2.9q) and between the somite and the 
neural tube, i.e. the medial pathway, but this group of labelled cells migrating in the 
medial pathway were not found in heterozygous and homozygous mutant embryos 
(Table 4, Fig. 3.2.9r, Graph lA). 
By the 11- to 13-somite stage, WGA-Au labelled cells were also found to 
populate the future trigeminal and facial ganglion and in the first branchial arches at 
the pre-otic hindbrain level in all Splotch embryos examined"(Graph lB, Table 4). 
When Splotch embryos at the 11- to 13-somite stage were examined at the post-otic / 
pre-somitic cardiac neural crest level, all the wild-type embryos showed a group of 
labelled cells migrated from the dorsal part of the neural tube to the lateral wall ofthe 
dorsal aorta (Table 4, Fig. 3.2.10a). In heterozygous mutant embryos, labelled cells 
were also found in the similar pathway extending from the dorsal part of the neural 
tube to the mesenchyme adjacent to the dorsal aorta, however, the number of cells 
found was smaller than the wild-type (Graph lB, Fig. 3.2.10b). The percentage of 
homozygous mutant embryos found to contain labelled cells in the mesenchyme 
dorsal and lateral to the dorsal aorta was lower than that found in wild-type and 
heterozygous mutant embryos (Table 4). All (100%) wild-type and heterozygous 
mutant embryos showed labelled cells in the mesenchyme dorsal to the dorsal aorta 
but only 67% homozygous mutant embryos showed labelled cells in the mesenchyme 
dorsal to the dorsal aorta (Table 4). Besides, only 17% homozygous mutant Splotch 
embryos contained labelled cells in the mesenchymal region adjacent to the dorsal 
aorta but the percentage was 100 in wild-type and 83 in heterozygous mutant 
embryos. The percentage of homozygous mutant embryos showed labelled cells in 
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the mesenchyme lateral to the primitive pharynx was also the lowest among all 
genotypes (100% wild-type, 33% heterozygous mutants and 0% homozygous 
mutants) (Table 4). In comparison to the wild-type and the heterozygous mutant 
embryos, the homozygous mutant embryos contained fewer labelled cells in different 
regions at the post-otic / pre-somitic cardiac neural crest level (Graph lB, Fig. 
3.2.10c). When wild-type and heterozygous mutant embryos were examined at the 
somitic cardiac neural crest level, all embryos showed labelled cells in the 
mesenchyme between the surface epithelium and the somite (i.e. lateral pathway) 
(Table 4，Fig. 3.2.10e, f), between the somite and the neural tube (i.e. medial 
pathway) (Table 4，Fig. 3.2.10d, e, f) and between two consecutive somites (i.e. 
intersomitic pathway) (Table 4, Fig. 3.2.10g). However, no homozygous mutant 
showed labelled cells in any of these pathways (Table 4, Fig. 3.2.10h). 
% 
By the 15- to 17-somite stage, when all Splotch"embryos were examined at the 
pre-otic hindbrain level, a large number of WGA-Au labelled cells were found in the 
trigeminal and facio-acoustic neural crest tissues and there were no significant 
differences in their numbers among all genotypes (Graph lC). At the post-otic/pre-
somitic cardiac neural crest level, all wild-type and heterozygous mutant embryos 
showed labelled cells in the same mesenchymal regions as those found in the previous 
stages. When wild-type and heterozygous mutant embryos were examined at the 
post-otic / pre-somitic cardiac neural crest level, more labelled cells were found in the 
mesenchymal region adjacent to the dorsal aorta and dorsolateral to the primitive 
pharynx (Graph lC, Fig. 3.2.11a, b) in comparison to earlier stages (Graphs lA and 
lB, Fig. 3.2.10a, b), indicating that labelled cells had migrated to more ventral 
positions of the embryos at this stage. They migrated dorsolaterally from the dorsal 
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part of the neural tube to the mesenchyme dorsolateral to the primitive pharynx 
through the periaortic mesenchyme (mesenchyme lateral to the dorsal aorta) (Fig. 
3.2.11 a, b). In homozygous mutant embryos, labelled cells were found only in the 
mesenchyme lateral to the neural tube but not in the mesenchyme lateral to the dorsal 
aorta and the primitive pharynx (Table 4，Fig. 3.2.11c). Moreover, the numbers of 
labelled cells found in homozygous mutants were significantly lower than wild-type 
and heterozygous mutants (Graph lC). At the somitic cardiac neural crest level, 
fewer wild-type and heterozygous mutant embryos contained labelled cells in the 
lateral and intersomitic pathways compared to the 11- to 13-somite stage (Table 4) but 
all of them showed labelled cells in the medial pathway (Table 4，Fig. 3.2.11d, e). 
However, only 2 out of 7 homozygous mutant embryos showed labelled cells in the 
medial pathway and no cells were found in the lateral and intersomitic pathway in all 
homozygous mutants examined (Table 4, Fig. 3.2.11f). 
By the 19- to 21-somite stage, the distribution patterns of WGA-Au labelled 
cells at pre-otic hindbrain level were again, similar to that found at the previous 
stages. The future trigeminal and facial ganglia were densely populated by labelled 
cells (Fig. 3.2.12b to i). When both wild-type and heterozygous mutant embryos were 
examined at the post-otic / pre-somitic cardiac neural crest level, the distribution 
patterns of labelled cells were also the same as that found in the previous stages, i.e. 
they were found in the mesenchyme dorsal and lateral to the dorsal aorta, and adjacent 
to the primitive pharynx (Fig. 3.2.12j to o). In wild-type Splotch embryos, more 
labelled cells were found in comparison to the heterozygous mutant embryos (Graph 
lD, Fig. 3.2.12k, 1, n, o). Besides, labelled cells in wild-type embryos migrated to a 
more ventral mesenchymal region which lied between the primitive pharynx and the 
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heart (Fig. 3.2.12m). In contrast, labelled cells are rarely found in the mesenchyme 
lateral to the dorsal aorta and the primitive pharynx in homozygous mutant embryos 
(Table 4, Graph lD, Fig. 3.2.12p). At the somitic cardiac neural crest level, wild-type 
and heterozygous mutant embryos showed labelled cells mainly in medial pathways 
(Table 4). In homozygous mutant embryos, no labelled cells were found in the lateral 
pathway again but more embryos (3 out of 5 embryos) showed labelled cells in the 
medial pathway in comparison to the earlier stages (Table 4). In addition, 2 out of 5 
homozygous mutant embryos contained labelled cells in the intersomitic pathway 
where labelled cells were not found at earlier stages (Table 4 ) . “ 
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j.J Transplantation of neural crest fra2ments in Svlotch embrvos 
J. 3.1 Morphological features ofSplotch embryos after orthotopic grafting 
Splotch recipient embryos that were orthotopically grafted with a donor neural 
crest fragment were cultured to the 15- to 17-somite stage or 19- to 21-somite stage 
and the morphological features of them were examined in the same way as previously 
described in sections 3.1.1 and 3.2.1. Forty-nine Splotch recipient embryos were 
cultured to the 15- to 17-somite stage (cultured for 20 to 22 hours). When recipient 
embryos were examined at this stage, all of them showed strong and regular heart beat 
and yolk sac circulation (Table 5). Besides, all grafted embryos of different 
genotypes showed normal optic and otic placodes and second branchial arches. Since 
neural tube was not completely closed until around 19-somite stage, so all the � 
embryos examined still had an opened neural tube at the 15- to 17-somite stage. The 
percentage of grafted embryos possessed forelimb buds was similar to that found in 
labelled normal and Splotch embryos at this stage (Tables 1, 3 and 5). When embryos 
were inspected for the presence of a normal body axis, it was found that 69% (11 out 
of 16) wild-type, 85% (11 out of 13) heterozygous mutant and 50% (10 out of 20) 
homozygous mutant embryos completely turned their body into a normal axis. 
Seventy-two Splotch embryos after grafting were cultured to the 19- to 21-
somite stage (cultured for 26 to 28 hours) and all of them possessed normal 
morphological features after culture (Table 5, Fig. 3.3.1). All grafted embryos of 
different genotypes showed normal heart beat (100%) and yolk sac circulation 
(lOQo/o), optic (100%) and otic (100%) placodes, and the second branchial arches 
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(100%). Moreover, all Splotch recipient embryos excepted one heterozygous mutant 
possessed forelimb buds (Table 5). More than 85% wild-type and heterozygous 
mutants completely closed their neural tubes at this stage. However, only 36% (5 out 
of 14) (Table 5) of homozygous mutants possessed a closed neural tube, which was 
closed to the value of homozygous mutants taken directly from in vivo (20% in 
10.5d.p.c. and 33% in 11.5d.p.c.) (section 3.2.3). Among all grafted Splotch embryos 
examined, 81% (13 out of 16) wild-type, 90% (38 out of42) heterozygous mutant and 
790/0 (11 out of 14) homozygous mutant embryos showed normal body axis. 
Statistical analyses (chi-square test) have showed that except for the value of closed 
neural tube in homozygous mutant embryos, no statistically significant differences 
were found in the morphological features of Splotch embryos of different genotypes 
(Table 5). 
3.3.2 Histological examination of Splotch embryos after grafting 
Recipient Splotch embryos were paraffin sectioned and stained with silver. 
The successful incorporation of the neural crest fragment was then checked under a 
light microscope. If the neural crest fragment is able to incorporate into the neural 
crest region successfully, it will then emigrate from the neural crest and disperse into 
the subjacent mesenchyme just as the endogenous host neural cells did. However, if 
the neural crest fragment is grafted to an ectopic site other than the neural crest, the 
fragment will remain as a clump of labelled cells which stuck together without the 
ability ofmigration (Chan and Tam, 1988). Other factors also affect the dispersion of 
labelled cells in the orthotopic transplant. These include the size and the origin of the 
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graft. When the graft tissue is too large, labelled cells have a higher tendency to 
remain as a clump rather than dispersing into the mesenchyme (Chan and Lee, 1992). 
A large graft also disturbs the normal closure of the neural tube in recipient embryos. 
Even when the graft is small enough and the graft can successfully incorporate into 
the neural tube, labelled cells will not emigrate from the graft if they are not neural 
crest cells (Chan and Tam, 1988). According to the above information, there are 
several pre-requisites for successful grafting. Firstly, the graft tissue has to be 
isolated from the host neural crest or the dorsal part of the neural tube; Secondly, the 
graft tissue has to be in appropriate size (about 50 cells); Thirdly, the graft tissue has 
to be transplanted into the neural crest region of the recipient embryos. In order to 
examine the migration of cardiac neural crest cells in Splotch embryos after grafting, 
the cardiac neural crest tissue extending from the post-otic sulcus to somite 2 level 
was isolated from the donor embryo at the 4- to 5-somite stage and labelled with � 
WGA-Au before it was grafted back into the same region of a recipient embryo at the 
same stage. 
丄 3.3 Distribution of WGA-Au labelled cells in Splotch embryos after grafting 
Recipient embryos with successful incorporation of the transplant into the 
dorsal part of the neural tube were further examined for the distribution of labelled 
cells. The genotypes of Splotch embryos were determined respectively after the 
grafting and culture. There were a total of 121 Splotch embryos grafted at the 4- to 5-
somite stage and cultured to the 15- to 21-somite stage. Among all recipient embryos, 
53 of them developed normally and showed the presence of the WGA-Au labelled 
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graft. Only 30 of them had proper incorporation of the graft to the cardiac neural 
crest position (Fig. 3.3.2). In the remaining 23 embryos, the graft was at an ectopic 
site. The labelled graft was found either in regions outside the cardiac neural crest 
region or in the mesoderm of the embryo. 
In embryos with successful incorporation of the labelled graft into the cardiac 
neural crest region, the labelled cells of the graft dispersed in the dorsal part of the 
neural tube. After genotyping, it was found that grafts taken from the wild-type 
Splotch embryos were successfully transplanted into 1 wild-type, 4 heterozygous 
mutant and 2 homozygous mutant embryos (Table 6). All these 7 recipient embryos 
with a labelled graft from wild-type showed similar distribution patterns of labelled 
cells. At the level just rostral to the somite 1，labelled cells were found in the dorsal 
part of the neural tube (Fig. 3.3.3a, 3.3.4a), lateral to the neural tube (Fig. 3.3.4a) and � 
the mesenchyme around the dorsal aorta (Fig. 3.3.4b) and the primitive pharynx (Fig. 
3.3.3b) (Table 6). At the somitic level, labelled cells were also found in the 
mesenchyme between the somite and the neural tube, i.e. the medial pathway (Fig. 
3.3.3d，e) (Table 6). No labelled cells were found in the mesenchyme medial to the 
dorsal aorta and around the notochord. 
Cardiac neural crest tissues isolated from heterozygous mutants were 
successfully grafted into 14 recipient embryos and 5 of them were wild-type, 6 of 
them were heterozygous mutant and 3 of them were homozygous mutant embryos 
(Table 6). When the wild-type and heterozygous mutant recipient embryos were 
examined, all of them contained labelled cells in the mesenchyme lateral to the neural 
tube (Fig. 3.3.5b) and dorsal aorta (Fig. 3.3.5c). However, a lower percentage of 
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wild-type embryos and heterozygous mutants showed labelled cells in the 
mesenchyme lateral to the primitive pharynx and in the medial pathway compared 
with previously examined embryos which had received a graft from wild-type (Table 
6). In homozygous mutant recipient embryos, labelled cells were only found in 
grafted site in the cardiac neural crest region. They did not migrate out of the dorsal 
part of the neural tube, so no labelled cells were found in any mesenchymal regions. 
There were a total of 9 recipient embryos transplanted with a cardiac neural 
crest fragment taken from homozygous mutants. Among these recipient embryos, 3 
of them were wild-type, 2 of them" were heterozygous mutant and 4 of them were 
heterozygous mutant embryos (Table 6). All wild-type recipient embryos showed 
labelled cells in similar regions as the recipient embryos in other donor groups (Table 
6，Fig. 3.3.6). Labelled cells were found in the dorsal neural tube (Fig. 3.3.6a, c)’ � 
mesenchymal region lateral to the dorsal aorta and primitive pharynx (Fig. 3.3.6b, d) 
and also the medial pathway between the neural tube and the somite (Fig. 3.3.6e). 
When heterozygous recipient mutants were examined, labelled cells were found in the 
mesenchyme dorsal and lateral to the dorsal aorta, and also in the medial pathway. 
No labelled cell was found in the mesenchyme lateral to the primitive pharynx (Table 
6). Among 4 homozygous recipient mutants, no labelled cells were found in the 
mesenchymal regions (Fig. 3.3.7). 
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CHAPTER FOUR. DISCUSSION 
4.1 Development of embryos in vitro 
During the course of development in embryos, organ primordia with 
characteristic morphology are formed at specific developmental stages in specific 
regions of the embryo. Examination of the morphology of the organ primordia at a 
particular stage will give us information on whether the embryo is developing 
normally. Results from the studies on mammals have suggested that hindbrain neural 
crest cells start their migration from the neural tube on 8.5 d.p.c. and begin to reach 
their final location for differentiation on about 9.5 d.p.c. (Serbedzija et al., 1990; 
Fukiishi and Morriss-Kay, 1992; Serbedzija et al., 1994). The appearance of several 
morphological structures on 9.5 d.p.c. are commonly employed to assess the normal 
development of rat and mouse embryos. These structures include normal turning of 
the body axis, optic and otic placodes, correct number of branchial arches (two 
branchial arches present on 9.5 d.p.c.), presence of forelimb buds and complete 
closure of the neural tube. In addition, a specific number of somites should be 
attained at a specific developmental stage (Brown, 1990). 
All cultured embryos exhibited strong heart beat and the yolk sac circulation 
became detectable when embryos grew up to the 11- to 13-somite stage. This result 
indicated that the labelling technique and the whole embryo culture method did not 
affect the normal development of the intra- and extra-embryonic blood circulation. 
Besides, most of the embryos developed in vitro showed normal morphological 
features as the in vivo embryos, indicating that the in vitro development in the whole 
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embryo culture system was very similar to the in vivo development inside the uterus. 
However, a few, though not many, cultured embryos showed partial but not complete 
turning of the body axis inside the yolk sac after WGA-Au labelling. This abnormal 
body turning was found at the 11- to 13-somite stage. In all the embryos with an 
abnormal body axis at the 11- to 13-somite stage, an excessive amount of the dye was 
invariably found on the surface epithelium or neural tube. The dye was stuck in the 
cervical region where body turning was actively taking place (Kaufman, 1992). It is 
therefore possible that the adhesive property of WGA-Au prevents embryos from 
body turning which started at the 9- to 11-somite stage. In order to prevent excessive 
deposit of the dye to the embryo, WGA-Au should be restricted to the 
neuroepithelium or the neural tube but not other regions of the embryos. Moreover, a 
concentrated WGA-Au solution is preferred so the spreading of the dye to the other 
parts of the embryo can be avoided and the labelling site can be more precise. 
Extensive care should be taken when labelling the embryos in order to avoid the 
damage of the neural tube. In comparison to normal ICR mouse, wild-type and 
homozygous mutant Splotch embryos, more homozygous mutant Splotch embryos 
showed abnormal body turning at the 15- to 17- and 19- to 21-somite stage (Table 5), 
suggesting that the turning process of the homozygous embryo is more easily 
perturbed by external disturbances. 
In addition to abnormal body turning, Splotch embryos also showed abnormal 
closure of the neural tube. The anterior neural tube in mouse embryos is normally 
closed at around 20-somite stage (Kaufman, 1992). Wild-type Splotch embryos were 
also found to have their neural tube closed at the same stage. All of wild-type 
embryos possessed a closed neural tube after they were labelled and cultured to the 
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19- to 21-somite stage. In homozygous mutants, however, only 38% ofthem showed 
a complete closure of the anterior neural tube at the same somite stage, i.e. the 19- to 
21-somite stage. When homozygous mutant embryos after grafting were examined, 
only 36% of them showed a closed anterior neural tube. These embryos without a 
closed neural tube showed a patent opening in the midbrain and hindbrain region. 
Although some homozygous mutant embryos possessed a closed neural tube, their 
heads were found smaller. In order to make sure that the high percentage ofabnormal 
neural tube closure found in homozygous mutants was not induced by the in vitro 
culture system, in vivo Splotch embryos were also examined for their morphological 
features of the neural tube (Section 3.2.3). The percentage of in vitro homozygous 
mutants found to possess a closed neural tube (38% after labelling, 36% after 
grafting) was similar to the in vivo embryos. When in vivo homozygous mutant 
Splotch embryos were examined at 10.5d.p.c., only one out of five (20%) � 
homozygous mutant embryos showed closed hindbrain and the percentage was 33 (2 
out of 6) at 11.5d.p.c. (section 3.2.3). The above findings indicated once again that 
the high percentage of homozygous embryos found to possess an opened neural tube 
was due to their own genetic defects in development but not the whole embryo culture 
method. When homozygous mutant embryos were examined at 10.5 and 11.5 d.p.c., 
it was found that the opening in the midbrain and hindbrain region was very obvious 
and this opening in the midbrain and hindbrain region (Fig. 3.2.4, 3.2.8) will possibly 
lead to exencephaly (Lakkis et al., 1999). In addition to the cranial part, the caudal 
part of the neural tube was also found widely opened (Fig. 3.2.6d, 3.2.8c) and this 
opening in the caudal region has been shown to be related to the formation of spina 
bifida at later stages (Dempsey and Trasler, 1983; Li et al., 1999). Both exencephaly 
and spina bifida are neural tube defects found in homozygous Splotch and their 
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degrees of severity and the nature of the defects vary in different embryos. There is, 
however, no correlation, between the type of neural tube defects and the in utero 
mortality ofhomozygous mutants (Conway et al., 1997c). 
In comparison to in situ labelling, a relatively high percentage (12-14%) of 
wild-type and heterozygous mutant Splotch embryos possessed an opened neural tube 
after grafting. It was likely that grafting of the tissues to the closing hindbrain neural 
tube might disturb the normal closure of the neural tube. Similar percentage (10-
150/0) of abnormalities was induced by similar grafting proce'dures described in the 
studies of Tan and Morriss-Kay (1986) and Chan and Tam (1988). During grafting, 
an extra piece of tissue was surgically implanted into the neural crest region, which 
may inevitably induce trauma to the recipient embryo. In contrast to the avian 
transplantation technique, cells were added without the removal ofan equivalent piece 
of tissue in mammalian grafting procedures. However, the number of cells injected 
was small (about 50 cells), so the problem of additional material was negligible (Tan 
and Morriss-Kay, 1986). 
About 9 to 21% of Splotch embryos with abnormal body tuming were also 
found after grafting. This abnormality might be also due to the traumatic damage 
caused during experimental procedures. When the neural crest fragment was to be 
transplanted into a recipient embryo, the grafting micro-pipette containing the 
fragment had to be in close contact with the neural crest region so that the small 
fragment could stick onto the grafted site firmly. Hence, the tip of the grafting micro-
pipette unavoidably touched the recipient embryo and induced trauma to it, thus 
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preventing the embryo from body turning and leading to a small portion of grafted 
embryos with abnormal body axis. 
In the analysis of the WGA-Au labelled cell distribution, only the embryos 
with normal body turning were examined and all the abnormal embryos were 
excluded. There are several pieces of evidence suggesting that the distribution of the 
labelled cells in the embryo after labelling and culture does reflect the normal 
migration of neural crest cells in mouse embryos: 
)« 
1. The morphological features shown in cultured embryos were similar to those 
found in embryos developed in vivo. 
2. The final distribution pattern of WGA-Au labelled cells after culture was 
% highly reproducible in the embryos analysed. 
3. The final distribution of WGA-Au labelled cells in mouse embryos is highly 
similar to the distribution pattern of the cardiac neural crest cells found in the 
rat (Fukiishi and Morriss-Kay, 1992) which is phylogenetically very close to 
the mouse. Furthermore, the WGA-Au labelled cell distribution pattern is also 
similar to the migratory pattern of chick cardiac neural crest cells (Kirby, 
1993; Kirby and Waldo, 1995). 
4. There is no obligatory relationship between neural crest migration and neural 
tube closure, so the defects due to closure of the neural tube and migration 
from the neural crest are independent effects (Conway et al., 1997c). 
Due to the above evidence, the results of the present study on the distribution 
of WGA-Au labelled cells is very likely to be able to reflect the migratory pathway of 
^ ‘ ~ 
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mouse cardiac neural crest cells in the normal development. In addition, the whole 
embryo culture in the present study was able to sustain the development of the 
labelled embryos from the 4- to 5-somite stage up to the 21-somite stage. 
4.2 Methodolo9V 
4.2.1 In situ labelling of WGA -A u in embryos 
1» 
WGA-Au was used as the marker for tracing early migratory cardiac neural 
crest cells because of the following reasons: 
1. The dye after endocytosed by the cell is stored as cytoplasmic vesicles and has 
% 
been proved to be stable, cell localized and not to induce adverse effects on 
cellular properties (Tan and Morriss-Kay, 1986; Chan and Tam, 1988). 
2. WGA-Au labelled cells appear as dark granules in paraffm sections upon 
silver enhancement and can be easily observed with a light microscopy. 
3. The histological appearance of the labelled embryos can also be examined 
under a light microscope after the sections are stained with fast green. Fast 
green does not hamper the examination of the WGA-Au granules so the 
WGA-Au containing cells and the surrounding histological structures can be 
examined at the same time and detailed migration pathway can be analysed. 
4. WGA-Au labelled cells can be individually distinguished, making counting of 
the labelled cells in different regions of the embryos possible. 
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In previous studies on the migration of neural crest cells by exogenous dye 
labelling, the injection of dye was done by a micro-manipulator (Serbedzija et al., 
1990; Fukiishi and Morriss-Kay, 1992; Serbedzija et al., 1994;). The advantage of 
using a micro-manipulator is that it gives a precise labelling site and the volume ofthe 
dye released can be controlled. However, embryos handled by a micro-manipulator 
are under a severe traumatic effect caused by the suction in the holding pipette which 
keeps the embryo in a suitable position for labelling. The suction may damage the 
yolk sac membrane and lead to an altered growth of the embryo. In addition, it is 
time consuming to use a micro-manipulator because it needs tuning every time it is to 
be used. To overcome the above problems, in the present study, a hand-held and 
mouth-controlled glass micropipette was used to label the embryos. The glass 
micropipette was connected with a rubber tube and the other end of the rubber tube 
was connected to a mouth piece which controlled the release of the dye solution by 
blowing. When the embryo was being labelled, it was held by a pair of fme forceps 
without any suction effect. In comparison to the micro-manipulator, the mouth-
controlled glass micropipette allows a faster way of labelling embryos. Besides, 
embryos do not encounter any suction pressure, so the normal development of 
embryos can ensue. 
Mouse embryos at the 4- to 5-somite stage were chosen because previous 
studies have shown that mammalian cardiac neural crest cells started their migration 
at around 7- to 8-somite stage (Fukiishi and Morriss-Kay, 1992; Yung, 1997). In 
order to label the pre-migratory neural crest cells, labelling was done before neural 
crest cells started migration. The spreading of the dye solution can also be prevented 
by releasing it in the neural tube which has started to close at this stage. In addition, 
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the yolk sac circulation has not started at the 4- to 5-somite stage, so the translucent 
yolk sac membrane allows a clear observation of the embryo inside the yolk sac. 
Different structures of the embryos can be identified and the amount of the red WGA_ 
Au solution released can be estimated, making the labelling easier and more precise. 
4- 2.2 Counting of labelled cells in Splotch embryos 
The distribution of WGA-Au labelled cells in Splotch embryos was examined 
under a light microscope which was connected to a digital camera and the images of 
the embryo sections were then captured and saved in a computer. A manual count 
function of a software called Metamorph was used to count the numbers of labelled 
neural crest cells in different regions of embryos (section 2.2.7). The advantage of 
� 
using this function was that the accuracy of the cell count was increased by 
magnifying the captured images, so WGA-Au granules inside the cytoplasm of 
labelled cells could be clearly distinguished from the dirt which may sometimes 
appear in the sections. In addition, with the assistance of the manual count function, 
special marks could be generated from the computer software to tag the cells which 
had already been counted, so the double counting of a WGA-Au labelled cell could 
easily be avoided. 
4.2.3 Transplantation of neural crest fragments 
The orthotopic grafting of neural crest cells in the present study was done by 
microsurgical transplantion of a neural crest fragment from a donor embryo to the 
same neural crest region of a recipient host embryo. Before the neural crest fragment 
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was grafted back to the host, it was first labelled with WGA-Au, so any labelled cells 
appeared in the non-labelled host should all come from the graft tissue, i.e. the neural 
crest fragment taken from the donor embryo. Orthotopic grafting has been commonly 
used to trace the migration of neural crest cells in avian (Lievre and LeDouarin, 1975; 
Ruff!n et aL, 1998;) and mammalian animals (Chan and Tam, 1988; Tan and Morriss-
Kay, 1986). Transplantation of neural crest cells is not restricted to same species, and 
it was shown by Serbedzija and McMahon (1997) who successfully transplanted 
neural tissue between mouse and chick embryos. Recently, White and Anderson 
(1999) have developed a new transplantation system to study lineage restriction in 
rodent neural crest by in vivo transplantation of mammalian neural crest cells into 
chick hosts. However, it is controversial whether these results can reveal what is 
happening in situ because previous studies have shown that cranial neural crest cells 
in mammals and avians migrate in different patterns O^oden, 1975; Tan and Morriss-
Kay, 1986; Chan and Tam, 1988). Nevertheless, transplantation of neural crest ceils 
in the same or different species animals provides information of the neural crest cell 
migration in different environments. 
In comparison to the WGA-Au labelling method, the orthotopic grafting of 
WGA-Au labelled neural crest fragment can also give precise and accurate 
information on neural crest cell migratory pathway. During in situ WGA-Au 
labelling, regions adjacent to the neural crest may sometimes be inadventently 
labelled because of dye diffusion. In orthotopic grafting, the problem of excessive 
labelling does not arise, and the graft (labelled neural crest fragment) was the only 
source of labelled cells in the unlabelled embryos. However, the distribution pattern 
of the labelled cardiac neural crest cells cannot be mapped out solely based on the 
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results by orthotopic grafting because the number of labelled cells per graft was much 
smaller (only about 50 cells) than the actual number of the endogenous cardiac neural 
crest cells. The size of the graft was only about 1/6 to 1/10 of the size of the whole 
neural crest region. Hence, the total number of labelled cells in the mesenchyme by 
grafting was much smaller than that by labelling. In addition, the number of cells 
could not be increased simply by increasing the size of the graft because the maximal 
size of the graft was governed by the internal diameter o f the micro-injection pipette 
(grafting pipette). Although a grafting pipette with a larger internal diameter can 
accommodate a bigger graft, severe trauma would be inevitably induced to the 
visceral yolk sac, amnion and the embryo itself, leading to the formation of 
abnormalities and lowering of the survival rate of the recipient embryos. Besides, a 
big graft would also affect the normal closure of the neural tube. Therefore, a grafting 
pipette with an internal diameter of 20^im was chosen based on the pilot study which 
showed that the optimal internal diameter of the injection pipette was about 20^im. 
4.3 Initial mismtion of cardiac neural crest cells 
4- S. 1 Distribution ofcardiac neural crest cells in normal mouse embryos 
In order to study the initial migration pathway of cardiac neural crest cells in 
mouse embryos, the distribution of WGA-Au labelled cells emigrated from the 
cardiac neural crest region (from the mid otic-placode to the somite 3 level) was 
examined. Since the presence of the somite gives different histological features as 
compared with other cranial regions, the migratory pattern of neural crest cells at the 
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somitic level should be separately analysed from the level without somite. For the 
above reason, the cardiac neural crest was divided into two axial levels for analysis, 
namely the post-otic / pre-somitic cardiac neural crest level and the somitic cardiac 
neural crest level. In the present study, the post-otic / pre-somitic cardiac neural crest 
level lies between the caudal part of the otic-placode and the rostral part of the first 
somite. The somitic cardiac neural crest region in the present study lies between the 
rostral part of the first somite and the caudal part of the second somite. The 
distribution of cardiac neural crest cells at the third somite level was not analysed 
because of a technical problem that the neural crest region at"the third somite level 
was difficult to label when the volume of the dye solution released was to be 
controlled to prevent it from spreading to other parts o f the embryo. To sum up, the 
cardiac neural crest region in the present study was divided into the post-otic / pre-
somitic cardiac neural crest level and somitic cardiac neural crest region. The 
distribution of WGA-Au labelled cells at the pre-otic hindbrain level rostral to the 
post-otic cardiac neural crest level was also examined for comparison. 
The result of the present study found that WGA-Au labelled cells at the 
cardiac neural crest level started their migration at the 8- to 9-somite stage and this 
finding is similar to the observation in the previous study (Yung, 1997). At the 8- to 
9-somite stage, neural crest cells started to leave the neural tube throughout the 
cardiac neural crest region which extends cranio-caudally from the levels of the post-
otic placode to somite 2. Before neural crest cells migrate away from their origin in 
the dorsal neural tube, cells in the crest region loosen up and extracellular space 
appears between epithelial cells (Nichols, 1981; 1986). The junctional complexes 
between cells start to lose on their basal aspect although they still have close contacts 
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on their apical surface O^ichols, 1981). These histological changes can be easily 
observed during the early formation of neural crest cells within the neural epithelium. 
In the present study, an increase in the extracellular space and loosening of the 
epithelial cells in the dorsal part of the neural tube started to appear at the 8-somite 
stage along the entire craniocaudal length of the cardiac neural crest region (from 
mid-otic placode to somite 3 level). Careful examination on the neural crest region 
found that WGA-Au labelled cells appeared to protrude from the neural epithelium to 
the overlying mesenchyme. The histological appearance suggests that they were 
leaving the neural epithelium forming the neural crest cells. Neural crest cells after 
leaving the neural tube were found in the mesenchymal region dorsolateral to the 
neural tube. However, as neural crest cells hadjust started their migration and only a 
few number of cells had emigrated, it was still too early to find out the ventral 
migratory routes of cardiac neural crest cells at this level and stage, i.e. the post-otic 
cardiac neural crest region at the 8- to 9-somite stage, although labelled cells had 
already appeared in the dorsal mesenchyme. 
At the somitic level of the mouse cardiac neural crest region, labelled neural 
crest cells were also found in the dorsal mesenchyme, but the presence of somite at 
this level partitioned the labelled cells into different pathways. WGA-Au labelled 
cells were found in the rostral part of the somite and were able to migrate in 3 distinct 
pathways. They were the lateral pathway, the medial pathway and the intersomitic 
pathway. In chick embryos, similar early migration patterns for the cardiac neural 
crest cells were observed (Kuratani and Kirby, 1991). The initial migration and 
distribution of the cardiac neural crest cells was studied in chick embryos by 
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immunochemically staining of the whole mount and sectioned specimens with a 
monoclonal antibody, HNK-1 (Kuratani and Kirby, 1991). 
When mouse embryos grew up to the 11- to 13-somite stage, labelled cardiac 
neural crest cells moved quickly to the ventral part of the body. At the post-otic / pre_ 
somitic cardiac neural crest level, the regions where labelled cells were most 
frequently found were the mesenchyme dorsal and lateral to the dorsal aorta. 
However, the mesenchyme medial to the dorsal aorta and around the notochord was 
always free of labelled cells at all stages. This finding was consistent with the 
previous studies which indicated that the perinotochordal mesenchyme acted as a 
barrier to neural crest cell migration flMewgreen et al., 1986; Pettway et al., 1990). At 
the somitic cardiac neural crest level, WGA-Au labelled cardiac neural crest cells 
were found in the same pathways as those found at the 8- to 9-somite stage. � 
However, the number of migrating cells found at this stage was the greatest among all 
the stages examined at the somitic level. It was believed that the large extracellular 
space in the mesenchymal regions provided room for the migration of neural crest 
cells. These regions with large extracellular space were found between the surface 
epithelium and the neural tube, and also between the somite and the neural tube. In 
contrast, the spaces in these regions were thin as the somite expanded at later stages, 
so the migration of neural crest cells in these regions was restricted. Similar 
observations were described by LeDouarin (1982) who claimed that morphogenetic 
processes influenced crest cell migration and may even stop its progression for a 
while. This happened, for example, at the fore- and hind-brain levels, where the optic 
vesicles and the otic placodes constitute obstacles behind which crest cells 
accumulate. 
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By the 15- to 17- and 19- to 21-somite stage, the distribution patterns of the 
WGA-Au labelled cells in various levels were same as those found in previous stages, 
and many labelled cells migrated to the mesenchyme lateral to the dorsal aorta and 
adjacent to the primitive pharynx. The distribution pattern of WGA-Au labelled 
cardiac neural crest cells appeared that the cardiac neural crest cells migration was 
arrested in the regions lateral to the primitive pharynx. Similar observations were also 
found in chick embryos (Kuratani and Kirby, 1991). The chick cardiac neural crest 
cells at similar stages showed a temporary arrest of migration in a region 
circumscribing the developing pharynx, i.e. the primitive pharyhx. This region in the 
chick embryo is known as the circumpharyngeal region which is lateral to the 
pharynx. In mouse embryos, however, an arrest of cardiac neural crest cells in the 
similar region (mesenchyme lateral to the primitive pharynx) has not been described 
before. � 
4.3: Differences in the distribution of labelled neural crest cells in different 
genotypes of Splotch embryos 
Numbers of WGA-Au labelled cells in different regions at the pre-otic 
hindbrain, post-otic / pre-somitic and somitic cardiac neural crest level were counted 
and compared among different genotypes. The result showed that at the pre-otic 
hindbrain level, the numbers of labelled neural crest cells in different mesenchymal 
regions (future trigeminal and facial ganglia and the first branchial arches) were 
similar in all Splotch embryos of different genotypes. Besides, they were also similar 
to that found in normal mouse embryos. In all normal ICR and Splotch mouse 
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embryos examined, there were no significant differences in the number of labelled 
neural crest cells in different regions at the pre-otic hindbrain neural crest level at 
different stages (Graph lA to D). In other words, the migration ofneural crest cells at 
the pre-otic hindbrain level was not affected in Splotch embryos. 
Although pre-otic hindbrain neural crest cells migrated normally in mutant 
embryos, there was, however, a delayed emigration of neural crest cells from the 
neural tube and a significant reduction in the number ofneural crest cells at the post-
otic / pre-somitic cardiac neural crest level. At the 8- to 9-somite stage, wild-type and 
/ f 
heterozygous mutant embryos showed labelled cardiac neural crest cells emigrating 
from the dorsal part of the neural tube to the surrounding mesenchyme, while no 
labelled cardiac neural crest cells were found in the similar regions of homozygous 
mutants (Table 4), indicating that emigration of post-otic / pre-somitic neural crest . 
cells from the neural tube in wild-type and heterozygous mutants started earlier than 
that ofhomozygous mutants. Similarly, it was found that somitic cardiac neural crest 
cells in wild-type embryos started to migrate earlier than in the heterozygous and 
homozygous mutant embryos, as at this level, labelled cells found in the mesenchyme 
surrounding the dorsal part of the neural tube in wild-type embryos only (Table 4). 
The differences in the numbers of labelled post-otic / pre-somitic cardiac 
neural crest cells in different genotypes were more obvious when the embryos grew 
up to the 11- to 21-somite stage. In comparison to the normal mouse embryos, 
homozygous mutants showed a significant reduction in the number ofpost-otic / pre_ 
somitic cardiac neural crest cells in different regions, including the mesenchyme 
dorsal to dorsal aorta, lateral to dorsal aorta and primitive pharynx (Graph lB to D). 
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Although there was a great reduction in the number of post-otic / pre-somitic cardiac 
neural crest cells in homozygous mutants, their migratory pathway was, however, 
similar to the wild-type and heterozygous mutant embryos. Therefore, in 
homozygous mutants, the labelled cardiac neural crest cells were also distributed in 
the mesenchyme dorsal and lateral to the dorsal aorta and lateral to the primitive 
pharynx. At the somitic cardiac neural crest level, a significant reduction in the 
number of labelled cardiac neural crest cells in homozygous mutants was also 
observed, especially at the 11-to 13-somite stage (Graph lB). 
1» 
There was also a reduction in the post-otic / pre-somitic cardiac neural crest 
cells in the heterozygous mutant embryos in comparison to the normal mouse 
embryos although the difference was not always as significant as was found in the 
% 
homozygous mutants (Graph lB to D). The number of labelled cardiac neural crest 
cells in the wild-type Splotch embryos was always found similar to the normal ICR 
mouse embryos in all regions at the post-otic / pre-somitic and somitic neural crest 
levels，suggesting once again that the distribution and migration pathways of cardiac 
neural crest cells in wild-type Splotch embryos were the same as those found in 
normal mouse embryos. Differences in the distribution ofcardiac neural crest cells in 
normal and Splotch mutant mouse embryos are summarized in a schematic drawing 
shown in Fig. 4.1 and 4.2. 
Since there was a significant reduction in the number ofpost-otic / pre-somitic 
cardiac neural crest cells in homozygous mutant Splotch embryos, it was thus 
interesting to know the stage at which the homozygous mutant embryos started to 
reduce the number of the neural crest cells in their normal locations. The relationship 
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between the number of cardiac neural crest cells and somite stages in different regions 
at the post-otic / pre-somitic level was shown in Graph 2. The number of cardiac 
neural crest cells in the mesenchyme dorsal to dorsal aorta at the post-otic / pre_ 
somitic level in normal ICR mouse embryos, wild-type and heterozygous mutant 
Splotch embryos significantly increased at the 11- to 13-somite stage while in the 
homozygous mutant embryos, this rapid increase in neural crest cells was not seen at 
this stage but only observed at the 15- to 17-somite stage (Graph 2A). Similarly, a 
significant increase in the number of cardiac neural crest cells in the mesenchyme 
lateral to dorsal aorta was also found early in normal mouse embryos, wild-type and 
heterozygous mutant Splotch embtyos at the 11- to 13-somite stage but this increase 
in neural crest cells in homozygous mutant embryos occurred late at the 19- to 21-
somite stage (Graph 2B). In the mesenchymal region lateral to primitive pharynx, the 
� 
heterozygous mutants showed a delayed increase of post-otic / pre-somitic cardiac 
neural crest cells (19- to 21-somite stage) (Graph 2C)'as compared with the normal 
mouse and wild-type Splotch embryos (11- to 13-somite stage) (Graph 2C). In the 
same region, no significant increase of cardiac neural crest cells at all was found in 
homozygous mutants (Graph 2C). From Graph 2 (A to C), it was also found that even 
though there were significant increases in the number of cardiac neural crest cells in 
heterozygous and homozygous mutants as the embryos grew bigger, their numbers 
were always smaller than the normal mouse and wild-type Splotch embryos at 
different stages (Graph 2’ see also Graph lA to D). These observations lead us to 
postulate that the early delay of neural crest cell emigration at the 8- to 13-somite 
stages may result in a subsequent decrease in neural crest cells in the three neural 
crest regions examined at the post-otic / pre-somitic level. 
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The result of the present study showed that the migration and numbers ofpre-
otic hindbrain neural crest cells in mutant Splotch embryos were as normal as those in 
the wild-type and normal mouse embryos. However, there was a retarded migration 
and significant reduction in the number of cardiac neural crest cells extending from 
the caudal part of the otic placodes to the caudal part of the second somite. The above 
findings were supported by Franz and Kothary (1993) who employed the expression 
of the CMZ transgene to demostrate the neural crest defect in Splotch homozygous. 
The result oftheir study showed that on day 10.5 ofgestation, Sp'" homozygotes did 
not show any alteration or reduction of CMZ-expressing tissues o f the head, notably 
no alterations of the cranial ganglia which receives contributions from the pre-otic 
neural crest. The normal migration of pre-otic neural crest cells was further supported 
by Conway et al (1997a) who used Pax3 as a marker of cardiac neural crest cells. 
% 
Their results showed that in 9.5-day mutant embryos, the expression of Pax3 in 
branchial arches 1 and 2 was similar to wild-type but—the Pax3 expression caudal to 
the otic placodes was reduced. The observation on the delay and reduction ofneural 
crest cells in mutant embryos were also supported by the in vitro culture of neural 
tube explants from Sp^ mutants (Moase and Transler, 1990). Although some studies 
have shown a reduction of cardiac neural crest cells in Splotch homozygous mutants 
by different methods (Conway et al., 1997a; Serbedzija and McMahon 1997), the 
results of the present study, however, represent the first piece of numerical evidence 
showing a retarded migration and a reduction of cardiac neural crest cells in the 
Splotch homozygous mutant embryos at early stages. 
In order to know the developmental consequences following a reduction of 
cardiac neural crest cells in Splotch mutants, it is important to know their roles in 
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development. Cardiac neural crest cells originated from the caudal part of the otic-
placode to the caudal part of the second somite play important roles in the formation 
of the third, fourth and sixth branchial arches where they differentiate into connective 
tissues of the thymus and parathyroid, and also the calcitonin cells of the thyroid 
gland (LeLievre and LeDouarin, 1975; Kirby and Bockman, 1984). As described in 
Chapter 1 (Section 1.3), cardiac neural crest cells also take part in the formation ofthe 
aotico-pulmonary septum and a reduction of this group ofcells in chick embryos will 
lead to persistent truncus arteriosus (Kirby, 1983; Nishibatake et al, 1987; Waldo et 
al., 1998). It is likely that the reduction in the number ofcardiac neural crest cells in 
产 
homozygous Splotch mutants lead to various neural crest-related abnormalities and 
cardiac defects such as the anomalies in thyroid, parathyroid and thymus, and also the 
persistent truncus arteriosus which are common defects found among Splotch 
embryos (Conway et al., 1997c). The normal distribution and migration of pre-otic 
hindbrain neural crest cells found in the present study may explain why cranio-facial 
defects are scarce in Splotch homozygotes. 
4.3.3 Distribution of cardiac neural crest cells in Splotch embryos after 
transplanting of neural crest fragments 
The result of the previous study on the distribution of WGA-Au labelled 
cardiac neural crest cells in Splotch embryos showed a significant reduction in the 
number of cardiac neural crest cells at the post-otic and somitic cardiac neural crest 
level extending from the post-otic placode to somite 2 level. Hence, many fewer 
cardiac neural crest cells were found in the cranial mesenchyme adjacent to the neural 
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tube, the wall of the dorsal aorta, the mesenchyme adjacent to the primitive pharynx 
and the medial pathway between the somite and the neural tube. The differences in 
the number of labelled cells between the wild-type and mutant Splotch embryos were 
obvious at the 15- to 21-somite stage (Table 4，Graph lB to D). Based on the above 
findings, the distribution of cardiac neural crest cells in Splotch embryos after 
transplantation of neural crest fragments was examined at the similar stage and 
regions as was in situ labelling. In other words, transplanted embryos were examined 
for the distribution of cardiac neural crest cells at the 15- to 21-somite stage in regions 
including the mesenchyme dorsal and around the dorsal aorta, adjacent to the 
primitive pharynx and the medial pathway. 
Due to the limited size of the transplant, the number oflabelled cardiac neural 
% 
crest cells found in the grafted embryos was smaller than that found in the WGA-Au 
labelled embryos. Although the number of labelled cells found was small, the 
migratory patterns in grafted embryos were similar to those found in normal and 
Splotch mouse embryos after labelling. 
The result of the Splotch embryo labelling showed that there were fewer 
mutant cardiac neural crest cells distributed in different regions at the cardiac neural 
crest level. Hence, by comparing the distribution of labelled cardiac neural crest cells 
in Splotch embryos after grafting, it is possible to deduce whether the neural crest 
defects in mutants are due to the intrinsic problems of the neural crest cells 
themselves, or the abnormal extracellular environment or a combination of both. If 
the defects are caused by the abnormal neural crest cells only, then the migration of 
labelled cells taken from the mutant cardiac neural crest regions will always be 
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disturbed regardless of the recipient's genotypes. Even when mutant neural crest cells 
are grafted into a wild-type recipient, fewer labelled cells should be found in the 
mesenchyme of the host embryos compared with the neural crest cells taken from the 
wild-type embryo. On the other hand, a normal number of labelled cells should be 
found in the mesenchymal regions where neural crest cells are usually located in 
recipient embryos when the graft was taken from wild-type cardiac neural crest 
regions. However, if the defect is solely due to the extracellular environment in 
mutant embryos, then fewer labelled cells will be found in the mesenchyme ofmutant 
recipient embryos compared with the wild-type. “ 
f< 
By comparing the distribution of WGA-Au labelled cells in Splotch embryos 
after grafting, it seemed that the migration of cardiac neural crest cells in Splotch 
’ embryos was dependent on both the intinsic migratory property of neural crest cells 
and the extracellular environment. The result can be summed up in the following 
table: 
Recipient: 
+ / + Sp2H/Sp2H 
Graft: + / + + + 
Sp2H/Sp2H\~~； _ • 
+ : Labelled neural crest cells found in the regions where neural crest cells usually reside. 
- : N o labelled neural crest cells found in the regions where neural crest cells usually reside. 
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The present study showed that no labelled cells were found in the mutant 
recipient when the cardiac neural crest cells were obtained from a mutant donor. 
However, the distribution of cardiac neural crest cells in mutant recipient became 
similar to the wild-type recipient when the graft was taken from the wild-type donor. 
These findings indicated that the normal migration of neural crest cells in the mutant 
environment depends very much on the neural crest itself. However, the result also 
showed that extracellular environment affected the distribution of cardiac neural crest 
cells. Cells from the mutant cardiac neural crest graft distributed in normal regions in 
the wild-type environment but no labelled cells were found ifthey were transplanted 
into the mutant environment. This finding suggested that the mutant cardiac neural 
crest cells were able to migrate in a normal environment but the defective 
extracellular environment in mutant embryos affected their migration. Based on the 
% 
above observations, it is hypothesized that in the homozygous Splotch mutants, both 
the neural crest cells and the migratory environment are affected. However, defects in 
either the neural crest or the environment alone is not sufficient to induce abnormal 
migration of the cardiac neural crest cells. In other words, both the neural crest and 
its migratory environment have to be defective in order to render the neural crest cell 
migration abnormal. In the heterozygous mutants, both the neural crest and the 
migratory environment are partially affected. Thus, a variety of abnormalities in 
migration were observed, depending very much on individual embryos. 
Similar observations on the defective migratory extracellular environment in 
Splotch mutants affecting the migration and distribution of cardiac neural crest cells 
have been made in Splotch-chick transplantation. Serbedzija and McMahon (1997) 
transplanted neural tubes from mutant embryos to chick hosts and they indicated that 
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the defect caused by the Splotch mutation was not intrinsic to the neural crest cells. 
Their studies showed that transplanted neural tubes from Splotch mutant embryos, 
when fused with the chick host neural tubes, gave rise to labelled neural crest cells 
migrating along the appropriate ventral neural crest cell migration pathway and 
colonizing both sympathetic ganglia and dorsal root ganglia. In contrast, when neural 
tubes from Splotch mutants were transplanted into the lateral plate of chick, no 
labelled cells were observed outside the graft. These studies suggested that the defect 
in the Splotch mutation was due to inappropriate cell interactions either within the 
neural tube or between the neural tube and the somite (Serbedzija and McMahon, 
产 
1997). The result of the present study also provided evidence to show that cardiac 
neural crest cells in Splotch mutants are also defective. Defective neural crest in 
Splotch was only shown by in vitro culture method ten years ago (Moase and Trasler, 
* 
1990)，and suggested by Morriss and 0'Shea (1983) by examining the anomalies in 
neuroepithelial cell associations in the Splotch mutant embryo. However, this fmding 
was in contrast with the suggestion from Serbedzija and McMahon (1997) who based 
on the Splotch-chick transplantation result claimed that the defect ofneural crest cells 
in Splotch mutant was only due to the inhibitory extracellular environment but not the 
neural crest cells themselves. Nevertheless, the present study on the Splotch-Splotch 
transplantation gave a more reliable result on the defects ofneural crest cell migration 
in Splotch mutants. 
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4.4 Factors in extracellular matrix affectins the mi2rati0n of neural crest cells 
Results from studies indicated that there was no relationship between the 
neural crest cell migration and the neural tube closure, nor the neural tube defect 
(Franz, 1992; Conway et al., 1997c). However, the defective extracellular 
environment in Splotch embryos affecting the migration of cardiac neural crest cells 
was strongly suggested by a growing evidence on particular extracellular matrix 
molecules which can either be permissive or inhibitory to neural crest cell migration 
(Toole, 1972; Derby, 1978; Newgreen and Thiery, 1980; Henderson et al., 1997; 
Kubota et al., 1999). Permissive" molecules tend to be expressed along migration 
routes whereas inhibitory molecules are localised in regions avoided by the neural 
crest. Hyaluronic acid is one of the permissive molecules found in the migration 
% 
pathways of neural crest cells. The extracellular matrix of both the cephalic and trunk 
crest cell pathways contains appreciable concentrations of hyaluronic acid (Derby, 
1978). The accumulation of hyaluronic acid expands the extracellular matrix, 
providing spaces through which cells can move as well as flavourable substrate for 
migration. In contrast, subsequent decreases in hyaluronic acid concentration can, in 
some instances, be correlated with the arrest and the aggregation of previously 
migrating cells (Toole, 1972). Hyaluronic acid is apparently produced by several 
embryonic structures. Synthetic studies in vitro have shown that the tissues adjacent 
to the crest cell migratory route (neural tube, ectoderm and somites), as well as 
migrating cells themselves, synthesize hyaluronic acid (Pintar, 1978, LeDouarin, 
1982). 
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Studies have also focused on another constituent of the extracellular space 
through which the cells move, namely fibronectin. Fibronectin is a cell-associated 
glycoprotein for which roles have been proposed in a variety of cellular phenomena 
such as migration and adhesion. It was found to be produced by all the structures 
surrounding the migrating crest cells (ectoderm, somites, neural tube, notochord and 
endoderm), but the explanted neural tube and endoderm produced fibronectin only 
transiently in vitro (Newgreen and Thiery, 1980). Other molecules such as fibroblast 
growth factor (FGF)-2 and 8 are also supportive of neural crest cell migration in vitro, 
and their expression in vivo is suggestive of a role in promoting migration towards 
target tissues (LeDouarin，1982; Kubota and Ito, 2000). In Splotch mouse embryos, it 
is still unknown whether these neural crest cell permissive molecules are reduced 
leading to the migration and distribution defects of cardiac neural crest cells. 
% 
Some molecules are found to limit neural crest cell migration. For example, 
chondroitin sulphate proteoglycans versican is found in barrier tissues such as the 
caudal sclerotome and the perinotochordal mesenchyme, where neural crest cells do 
not invade into (Henderson et al., 1997; Kubota et al., 1999). It was found in Splotch 
mutant embryos that the expression of this neural crest cell inhibitory molecules was 
enhanced in the extracellular matrix. It was thus believed that over-expression ofthis 
molecule leads to the arrest of neural crest cell migration in Splotch mutants 
(Henderson et al., 1997). 
It was suggested by Henderson et al. (1997) that the extracellular environment 
of Splotch mutant mouse is closely related to the mutation of Pax3 gene which 
induces indirect effect, making the extracellular environment inhospitable for neural 
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crest cell migration. On the other hand, Franz and Kothary (1993) have claimed that 
unknown environmental factors emanating from somite-derived cell populations can 
influence the seeding of target sites by emigrating neural crest cells (Goldstein and 
KaIcheim, 1991; Kalcheim and Teillet, 1989). However, the Pax3 gene is strongly 
expressed in the somites throughout the embryo, but not in all neural crest derivatives, 
e.g. pigment cells. It is thus doubtful that Pax3 can operate as a cell autonomous 
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CHAPTER FIVE. CONCLUSION 
Neural crest cells extending from the mid-otic placode to caudal limit of 
somite 3 level are called cardiac neural crest cells because they play an important role 
in cardiovascular development (Kirby and Waldo, 1990; Kirby, 1991; Fukiishi and 
Morriss-Kay, 1992; Clouthier et al., 1998). It has been shown in chick (Kirby, 1989), 
mouse (Yung, 1997) and rat embryos (Fukiishi and Morriss-Kay, 1992) that cardiac 
neural crest cells migrate through the third, fourth and sixth branchial arches to the 
outflow tract of the heart where they participate in the formation of aortico-pulmonary 
A 
septum. Studies on chick embryos have indicated that ablation of cardiac neural crest 
cells will lead to a wide variety of neural crest deficits including cardiovascular 
malformations (Besson et al., 1986; Nishibatake et al., 1987). The migration of 
% 
cardiac neural crest cells in chick embryos has been studied by transplanting chick 
• neural crest into a quail host, i.e. the chick-quail chimera (Kirby, 1983; 1989; Waldo 
et al., 1998). Moreover, the avian neural crest cell-specific monoclonal antibody 
HNK-1 has been used to map the initial migration of cardiac neural crest cells in 
chick embryos (Kuratani and Kirby, 1991). 
In comparison to avians, there is not much information on the mammalian 
cardiac neural crest cells, and the relationship between the mammalian neural crest 
cells and the cardiovascular development. Although transgenic technique and genetic 
markers have been established to trace cardiac neural crest cells in mammals (Conway 
et al. 1997a; Yamauchi et al., 1999; Jiang et al. 2000) but these methods can only map 
out the migration of neural crest cells at the earliest stage 9.5 d.p.c. Since mammalian 
cardiac neural crest cells start to migrate at 8.5 d.p.c. (Fukiishi and Morriss-Kay, 
- — 
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1992), SO the methods mentioned above are not applicable to trace the initial 
migration of mammalian neural crest cells, which remains largely unknown. 
The relationship between the neural crest and cardiovascular defects in 
mammalian embryos has become better known after the mutant mouse model called 
Splotch has been identified. Splotch mouse mutants provide one of the best model 
systems with a phenotype remarkably similar to the cardiac neural crest ablation in 
the chick embryos. Splotch mutants also show similar neural crest and cardiovascular 
defects including PTA (Franz, 1989; Conway et al., 1997c) as"the cardiac neural crest 
f f 
ablated chick embryos. It has been suggested that altered migration of neural crest 
cells result in neural crest-related anomalies, and thus to determine whether the 
abnormalities of cardiac neural crest occur early in development becomes very 
important in locating the neural crest defects along the whole developmental process 
of the neural crest. 
As mentioned previously, the early migration of mammalian cardiac neural 
crest cells is not well-understood, so the first part of the present study was to 
determine the initial migration of cardiac neural crest cells in normal mouse embryos. 
The in situ labelling of the neural tube coupled with the whole embryo culture method 
provide a direct and convenient way to map the migration of neural crest cells. The 
result of the present study showed that cardiac neural crest cells started to migrate out 
of the dorsal part of the neural tube at the 8- to 9-somite stage to the mesenchyme 
overlying the neural tube. At this stage, most of the labelled cells were found in the 
mesenchyme dorsal to the dorsal aorta, i.e. mainly in the dorsal part of the embryos. 
When the labelled embryos were cultured to more advanced stages, cardiac neural 
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crest cells migrated to more ventral regions. At the 11- to 13-somite stage, most of 
cardiac neural crest cells migrated to the mesenchyme lateral to the dorsal aorta, while • 
at the 15- to 17-somite stage, most of them migrated to the mesenchyme adjacent to 
the primitive pharynx which lied more ventral than the dorsal aorta. At the 19- to 21-
somite stage, many more labelled cells were found in the mesenchyme lateral to the 
primitive pharynx. At the somitic level, cardiac neural crest cells migrated in three 
distinct routes, they are the lateral pathway (between the surface ectoderm and the 
somite), medial pathway (between the somite and the neural tube) and intersomitic 
pathway (between two consecutive somites). In addition, they gradually migrated to 
/ f 
more ventral regions at more advanced stages. The result also showed that the 
number of labelled cells found in the lateral pathway reduced as the embryo grew up 
to advanced stages. When the embryo is bigger, the space between the surface 
� 
ectoderm and the somite becomes narrower. That might be one of the reasons why 
fewer neural crest cells were found in this region. 
The result of the present study also showed that labelled cells in Splotch 
embryos were found in the regions similar to the normal mouse embryos. Besides, 
the number and distribution of cardiac neural crest cells in the wild-type was similar 
to the normal mouse embryos. These findings indicated that there was no difference 
in the migration of cardiac neural crest cells between the wild-type and normal mouse 
embryos. In the pre-otic hindbrain, the mutant (including wild-type, heterozygous 
and homozygous) neural crest cells migrated in the same way as the normal neural 
crest cells in ICR mouse embryos, however, at the post-otic / pre-somitic cardiac 
neural crest level, migration of cardiac neural crest cells started at the 8- to 9-somite 
stage in wild-type and heterozygous mutants but homozygous mutant cardiac neural 
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crest cells started their migration at later stages. At the cardiac neural crest level, 
there was a significant reduction of cardiac neural crest cells in the homozygous 
mutant although wild-type, heterozygous and homozygous mutant embryos at the 
cardiac neural crest level all showed normal neural crest migration pattern. In the 
homozygous mutants, many fewer labelled cells were found in the mesenchyme 
dorsal and lateral to the dorsal aorta, adjacent to the primitive pharynx and the medial 
pathway. 
Although the delayed emigration and the reduction in the number of cardiac 
f f 
neural crest cells in Splotch homozygous mutants were found, it was unknown 
whether these defects are due to the neural crest cells themselves, or the abnormal 
extracellular matrix which inhibits their migration in mutants. Hence, in the present 
% 
study, the transplantation of WGA-Au labelled cardiac neural crest cells between 
different genotypes of Splotch embryos was performed. The result of the present 
study indicated that mutant cardiac neural crest cells were able to migrate in normal 
migratory environment but the defective extracellular environment in homozygous 
mutant embryos affected neural crest cell migration. In addition, healthy cardiac 
neural crest cells from wild-type could overcome the problems of the defective 
environment in homozygous mutants, so they could distribute normally in the mutant 
host. In contrast, the faulty mutant homozygous cardiac neural crest cells were unable 
to overcome its defective extracellular environment, leading to the migratory 
anomalies. Thus, both neural crest cell and its migratory environment are affected in 
the homozygous mutant Splotch embryos. 
_ — -
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In short, by labelling cardiac neural crest cells with WGA-Au, the present 
study indicated that the initial migration of cardiac neural crest cells in wild-type 
Splotch was as good as in the normal mouse embryos while the homozygous Splotch 
mutants showed a significant reduction in the number of cardiac neural crest cells. 
The defect in heterozygous was milder than homozygous mutants which contain the 
lowest number of cardiac neural crest cells along the migratory pathway. However, 
the pre-otic hindbrain neural crest cells were not affected in Splotch embryos and they 
migrated as good as the normal neural crest cells did. In addition to the reduction in 
the cardiac neural crest cells, there was a delayed emigration of cardiac neural crest 
产 
cells in homozygous Splotch mutants. By transplanting cardiac neural crest cells 
among different Splotch genotypes, it was found that, in Splotch mutants, both 
cellular intrinsic problems and the defective extracellular environment affected the 
migration of cardiac neural crest cells in the mutant embryos. The anomalies of 
neuroepithelial cell association in the Splotch mutant embryos have been examined by 
SEM and TEM (Morris and 0'Shea, 1983), providing evidence on the defective neural 
crest cells in mutants. Although it has been suggested that an over-expression of the 
chondroitin sulphate proteoglycan versican leads to the arrest of neural crest cell 
migration in Splotch mutant (Henderson et al.，1997)，the roles of other extracellular 
molecules in cardiac neural crest cell migration are still largely unknown. In future 
studies, it is worth finding out if other extracellular molecules alter the migration of 
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A drawing showing the early development of the central nervous system in a 
human embryo. i 
(a) A dorsal view of a stretched-out brain to show dilated portions of the central 
canal. Three bulges appear in the cephalic end of the neural tube. They are 
prosencephalon, mesencephalon, and rhombencephalon. 
(b) A sagittal view of the early central nervous system. The prosencephalon 
further divides into the telencephalon and diencephalon while the 
rhombencephalon subdivides into an anterior and dorsal portion, the 
metencephalon and myelencephalon. 
(c) A dorsal view of a stretched-out brain. The telencephalon consists of a median 
portion and two lateral outpocketings which are the future hemispheres of the 
cerebrum. The adjacent diencephalon is characterized by the outgrowth o f the 
two optic vesicles which will develop into eyes in the future. 
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Fig. 1.2 
A schematic drawing showing the origin of neural crest cells. Left panels are 
the drawings of the dorsal view of a mouse embryo at progressively more advanced 
developmental stages and the right panels are the schematic drawings of a transverse 
section taken along the dotted red line shown in the corresponding left panels. 
(a) Mouse embryo at the presomitic stage: The neural epithelium (NE) or neural 
plate is located at the dorsal midline of the embryo, and the transverse section 
shows that the neural epithelium is elevating to form a V-shaped structure. 
Neural crest cells will be formed at the lateral margins of the neural 
epithelium. 
(b) Mouse embryo at the 3-somite stage: The neural epithelium p^E) continues to 
elevate and the lateral margins of the neural epithelium, or neural folds (NF), 
are approaching toward each other. A neural groove (NG) has already formed 
at the midline of the neural epithelium. The neural crest cells at the lateral 
margins of the neural epithelium are not distinct. 
(c) Mouse embryo at the 8-somite stage: The lateral margins or neural folds of 
the neural epithelium (NE) are very close to each other but have not yet fused. 
The neural crest cells (NCC) at the lateral margins have begun their migration 
from the neural epithelium to the subjacent mesenchyme. 
(d) Mouse embryo at the 11-somite stage: The lateral margins of the neural 
epithelium have already fused to form a closed neural tube (NT). The 
overlying surface epithelium (SE) also fuses to form a complete epithelium. 
The neural crest cells fNCC) continue their migration from the neural tube in 
the mesenchyme between the neural tube and the surface epithelium. 
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Fig. 1.3 
A diagram illustrating the location of various parts of the neural crest and the 
areas of neural crest which seed the branchial arches. Cranial neural crest extends 
from the mid-diencephalon (Di) to the caudal part of the somite 5 (S5). The neural 
crest which begins at somite 6 and extends to the caudal limit of the neural tube is 
called trunk neural neural crest, which is not shown in this diagram. The neural crest 
from the mid-diencephalon to the mid-metencephalon (Met) seeds the 
ectomesenchyme to the periocular and 1'^  branchial arch regions. The neural crest 
extending from the caudal metencephalon to midotic-placode (Ot) seeds 2"^ branchial 
arches. 3''^  branchial arches are seeded by neural crest extending from the mid-otic 
placode to the rostral limit of somite 1 (S1). The neural crest adjacent to somite 1 and 
2 (S2) seeds 4 '^' brancial arches and the adjacent to somite 3 (S3) seeds 6 '^' brancial 
arches. The region which seeds 3''^  - 6 '^' branchial arches is referred to as cardiac 
neural crest because some of these cells migrate to septa of the cardiac outflow tract. 
















































































































































































A drawing showing the progressive advanced stages in heart development. 
(a) The primitive heart appears as a straight tube and it is called heart tube. The 
forming ventricle (V) connects distally with the aortic sac from which arises a 
pair of aortic arch arteries that connect with the dorsal aorta. BC, bulbus 
cordis; PA, presumptive atrium. 
(b) The expansion and looping of the heart tube result in the formation of 
identifiable regions of the tubular heart. The regions that become right and 
left atria (RA and LA) are shown. The ventricle (V) becomes the presumptive 
left ventricle while the bulbus cordis (BC) gives rise to the outflow portion of 
the looped tube. AA. aortic arch arteries; S, aortic sac. 
(c) The bulbus cordis (BC) has become the presumptive right ventricle (PRV), 
conus cordis (CC) and the truncus arteriosus (TA). The regions that form the 
right and left atria (RA and LA) have shifted. AA, aortic arch arteries; S, 
aortic sac; PLV, presumptive left ventricle. 
(d) The chambers of the heart are in their correct adult locations at this stage but 
the septation is not complete. S, aortic sac; RA, right atrium; LA, left atrium; 
TA, tmncus arteriosus; CC, conus cordis; PRV, presumptive right ventricle; 
PLV, presumptive left ventricle. 
(e) The heart with a complete septation is shown and the most prominent sign of 
septation externally is the division of the aortic sac into the aorta (Ao) and 
pulmonary trunk (PT). The right and left ventricles (RV, LV) have shifted to 























A lateral (a) and ventral (b) view of a pregnant (8.5 d.p.c.) heterozygous 
Splotch mutant mouse. Note the white patch (red arrow) in the abdomen of the 
heterozygous mutants. 
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Photographs showing the procedures for isolating mouse decidua from the 
pregnant mouse. 
(a) The abdomen of the pregnant mouse sacrificed by cervical dislocation is 
soaked with 70% alcohol and it will be opened along the dotted line. 
N, nipple; V, vagina. 
(b) One uterine hom is cut at the junction with the vagina and is free from fat and 
mesentery. The uterine hom is held at the cut end with a pair of forceps (F). 
G, gut; U, uterus; D, decidua; S, scissors. 
(c) The uterus is opened by cutting along the antimesometrial side with a pair of 
fme scissors (S). The green arrow shows the uterine hom on the other side of 
the abdomen. 
G, gut; U, uterus; D, decidua; F，forceps; 
(d) One end of the opened uterus is held with a pair of fine forceps (F) and the 
side of the uterine sheet is slipped by the other pair of forceps. Finally, each 
placental attachment is dragged across with the forceps and the embryos are 
teased free gently. 
U, uterus; D, decidua. 
(e) The conceptuses (decidua) are transferred to a Petri dish with warmed PB1. 
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Fig. 2.3 
Photographs showing the isolation of 8.5 d.p.c. mouse embryos from the 
decidua for whole embryo culture. 
(a) A deciduum of a 8.5 d.p.c. mouse embryo. 
(b) One ha l fo f the deciduum (D) is removed carefully to expose the embryo (Em) 
which is enclosed in the yolk sac membrane (Y) and retained at the bottom of 
the deciduum, 
Ec, ectoplacental cone. 
(c) The embryo (Em) is then isolated from the deciduum (D). The ectoplacental 
cone (Ec) and the yolk sac membrane (Y) remain intact after isolation. 
(d) A higher magnification of an isolated 8.5 d.p.c. mouse embryo (Em) with an 
intact ectoplacental cone (Ec) and yolk sac membrane (Y) and the innermost 
transparent Reichert's membrane (R) can also be seen. 
(e) The embryo is ready for labelling and culture after all the remaining decidual 
tissue and the Reichert's membrane are tom away. 
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Fig. 2.4 
(a) When the isolated 8.5 mouse embryo is ready for labelling, it is held in a 
suitable position by a pair of fine forceps (F) so that the embryo faces the left 
side with its ectoplacental cone (Ec) on the top. The labelling glass 
micropipette (L) with WGA-Au solution (red colour) loaded at its tip is then 
punched into the amniotic cavity near the junction between the ectoplacental 
cone and the yolk sac membrane (Y). The labelling pipette should be slowly 
moved along hindbrain neural crest region (red dotted line) when the dye is 
gradually dissipated onto the lateral portion of the hinbrain neuroepithelium. 
A, amniotic membrane; H, heart of the mouse embryo; S, somite. 
Bar = 250^im. 
(b) The neural crest at the somitic level should be labelled in a different way 
because the neuroepithelium between somite 1 to 4 level has closed to form a 
neural tube. After the pre-somitic neural crest is labelled, the labelling pipette 
should remain inside the amniotic cavity. In order to label the neural crest at 
the somitic level, the labelling pipette is moved to the caudal margin of the 
anterior neuropore which lies just rostral to somite 1 (S1). The dye is then 
gradually dissipated into the neural tube when the tip of the labelling pipette 
reaches its lumen. Finally, the labelling pipette is withdrawn from the yolk sac 
and amniotic membrane of the embryo which is ready for culture. 
Bar = 250 陣 . 
(c) An embryo after labelling is shown in this figure. The neural tube (arrow) has 
been successfully labelled with WGA-Au (red solution). 
H, Heart. Bar= 150^im. 
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Drawings and photograph showing the procedures of isolating the neural crest 
tissue and orthotopic grafting. 
(a) The hindbrain neural crest extending from the post-otic sulculs (PoOS, at level 
I) to somite (S) 2 (level II) is isolated from a 4- to 6-somite stage Splotch 
embryo. 
C,head; PrOS, pre-otic sulcus; H, heart. 
(b) The neuroepitheliiim and neural tube (NT) is separated from the surrounding 
mesenchyme (M), somites (S) and the notochord (N) with a pair of tungsten 
needles after emzymatic treatment. 
(c) The dorsal part of the neural tube (DNT), i.e. neural crest, is then isolated and 
transferred into a drop o f P B l in a clean Petri dish (PD). Then the neural crest 
is labelled with the dye WGA-Au by incubating it in the dye solution for 
several minutes before grafting. 
(d) The neural crest is then dissected into small clumps of labelled cells 
(arrowheads) and a cell clump is then loaded into the tip of the 
labelling/grafting pipette (L). 
( To be continued) 
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Fig. 2.5 (continued) 
(e) After the embryo is held in place by a pair of fine forceps (F), the 
grafting/injection pipette (GP) loaded with a neural crest fragment (the graft, 
G) at its tip is pierced through the yolk sac (Y) and amniotic (A) membrane to 
reach the dorsal hindbrain just rostral to somite 1 (S1). The graft is then 
gradually released from the injection pipette onto the lateral margin of the 
hindbrain neural crest followed by withdrawal of the grafting pipette from the 
embryo. Lateral and ventral views of a Splotch embryo after a successful 
grafting are shown in fig. (f) and (g) respectively. The correct position o f the 
graft can be easily monitored under a microscope because the graft is stained 
red by the dye (arrowheads). 
Ec, ectoplacental cone; H, heart. Bar = 250^im. 
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Fig. 2.6 
Photomicrographs showing cross sections at the post-otic / pre-somitic (A) and 
somitic (B) cardiac neural crest level of a 19- to 21-somite stage embryo. 
(A) Cross section at the post-otic / pre-somitic cardiac neural crest level showing 
the three mesenchymal regions (dotted line areas) where labelled cells are 
counted; 
(B) Cross section at the somitic cardiac neural crest level showing the two 
mesenchymal regions (dotted line areas) where labelled cells are counted. 
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A dorsal view of a mouse embryo with its neural tube 
filled with the labelling dye WGA-Au (arrowheads), which appeared 
black in colour after culture. 
BA, branchial arch. Bar = 250^im. 
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Fig. 3.1.2 
Photomicrographs showing the morphology of a normal mouse embryo� 
before and after labelling and culture. 
(a) A 5-somite stage mouse embryo ready for labelling and culture. 
The embryo is in U-shape without body tuming and the blood 
circulation is not seen on the yoUc sac membrane (Y). 
Ec, ectoplacental cone; Am, amnitotic membrane; A1, allantois; C, 
cranial region; H, heart; S, somite. Bar = 250^im. 
(b) A labelled mouse embryo which has been culutred for 28-hours to the 
20-somite stage. The blood circulation (arrowheads) is clearly seen 
on the yoDc sac membrane (Y) and the body axis of the embryo has 
tumed to become C shape. 
Ec, ectoplacental cone; C，cranial region; H, heart. Bar = 200^m. 
Fig. 3 .1 .3 
Photomicrographs showing the lateral view of mouse embryos from the in 
vivo control (a) and in vitro group (b) which have been cultured for 26 hours after 
labelling. Both embryos possess 19 somites and show similar morphological 
appearance. They also show the first (BA1) and second (BA2) branchial arches, optic 
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Fig. 3 .1 .4 
A photomicrograph showing a cross section of a labelled 
embryo 3 hours after culture. The dorsal neural tube fNT) and the surface 
epithelium (Ec) are heavily labelled with WGA-Au which appear as black 
granules after being stained with silver. Black granules are only found in 
the epithelium and the neural tube but not in the underlying mesodermal 
region, indicating that WGA-Au does not diffiise from epithelium to 
mesoderm. 
DA, dorsal aorta; PP, primitive pharynx. Bar = 50^m 
Fig. 3 .1 .5 
Photomicrographs showing the distribution of WGA-Au labelled cells in the 
region o f the future trigeminal ganglion at the pre-otic sulcus in a 8- to 9-somite stage 
normal mouse embryo. 
(a) A lateral view of an 8- to 9-somite stage mouse embryo showing the position 
of the pre-otic and post-otic sulcus. Future otic placodes will develop in the 
region between them, so the pre-otic sulcus represents the pre-otic level while 
the post-otic sulcus represents the post-otic level. 
Op, optic placode; PrOtS, pre-otic sulcus; PoOtS, post-otic sulcus; H, heart; 
S, somite. Bar = 250^m. 
(b) A cross section of the embryo at the pre-otic level (Level I, red dotted line in 
(a)). 
NE，neiiroepithelium; No, notochord; DA, dorsal aorta; PP, primitive 
pharynx; Op, optic placode. Bar = 50^im. 
(c) Higher magnification of the red rectangular area in (b). WGA-Au labelled 
cells (red arrows) are found in the region which will later develop into the 
trigeminal ganglion. 
NE, neuroepithelium; DA, dorsal aorta. Bar = 50^im. 
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Fig. 3.1.6 
Photomicrographs showing the distribution of WGA-Au labelled cells in the 
region of the future facio-acoustic ganglion at the pre-otic level in an 8- to 9-somite 
stage normal mouse embryo. 
(a) A lateral view of an 8- to 9-somite stage mouse embryo showing the 
orientation of sections at level II (red dotted line) in (b). 
Op, optic placodes; PoOtS, post-otic sulcus; H, heart; S, somite. 
Bar = 250|im. 
(b) A cross section at the pre-otic level (Level II, red dotted line in (a)). 
NE, neuroepithelium; FANC, future facial ganglion; DA, dorsal aorta; PP, 
primitive pharynx; BA1, first branchial arches. Bar = 50^im. 
(c) Higher magnification of area c in (b). WGA-Au labelled cells (red arrows) 
are found in the region of the future facial ganglion dorsal to the future 
second brachial arches. Bar = 25^m. 
(d) Higher manification of the first branchial arch (area d in (b)). No labelled 
cells are found in the first branchial arch mesenchyme. 
Bar = 50^im. 
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Fig. 3 .1 .7 
Photomicrographs showing the distribution of WGA-Au labelled cells at the 
post-otic sulcus / pre-somitic neural crest level in 8- to 9-somite stage normal mouse 
embryos. 
(a) A lateral view of an 8- to 9-somite stage mouse embryo showing the 
orientation of sections at level III (red dotted line) in (b). 
Op，optic placodes; PoOtS, post-otic sulcus; H, heart; S, somite. 
Bar = 250^im. 
(b) A cross section of the 8- to 9-somite stage mouse embryo at level III in (a). 
NT, neural tube; DA, dorsal aorta; No, notochord; PP, primitive pharynx; 
H, heart. Bar = 50^m. 
(c) Higher magnification of the dorsal part of another embryo at the same stage 
showing that WGA-Au labelled cells (red arrows) have migrated out of the 
dorsal part of the neural tube (NT) to the lateral mesenchyme underlying the 
surface epithelium (Ep). 
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Photomicrographs showing the distribution of WGA-Au labelled cells at the 
somitic level in 8- to 9-somite stage mouse embryos. 
(a) A lateral view of an 8- to 9-somite stage mouse embryo showing the 
orientation of sections at level IV (red dotted line) in (b). 
Op, optic placodes; PoOtS, post-otic sulcus; H, heart; S, somite. 
Bar = 250^m. 
(b) A cross section of the 8- to 9-somite stage embryo at the somitic level (Level 
IV in (a)). 
Ep，surface epithelium; NT, neural tube; S, somite; No, notochord. 
Bar = 50jum. 
(c) to (f) Higher magnification of the dorsal part of embryos at the same stage 
showing that labelled cells are distributed in four distinct regions; they 
are the mesenchyme overlying the neural tube, the lateral pathway, 
medial pathway and intersomitic pathway. WGA-Au labelled cells 
firstly migrate out of the dorsal part of the neural tube (NT) to its 
overlying mesenchyme (red arrows in (c) and (d). (c) is a higher 
magnification of the area enclosed by red lines in (b)). 
( To be continued) 
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Fig. 3.1.8 (cont inued) 
(c) to (f) 
and then they migrate in the lateral pathway to the mesenchyme 
between the surface epithelium (Ep) and the somite (S) (purple arrows 
in (e)), in the medial pathway to the mesenchyme between the somite 
and the neural tube (green arrows in (e)); or in the intersomitic 
pathway to the mesenchyme between two consecutive somites (orange 
arrows in (f)). 
Bar = 50\im ((c) to (f)). 
e. 一 
• • 
• . 、 
Ep ： 
‘ ：', 
m * ^. . 
> < - ‘:.. 
i<r • -；• < 
\ ‘ 
• ^ “ 
N T � 
S � — ^ • � • • • — 
. • .• 
* ‘ . ‘ ！ 
» I • • , 
.i. 
^^^^^^^H^H^MMH^ ‘ .> -
\ ' . ' . .•‘ 
f , ^ ；： 
,’,’ 





' 一 N T 
ft 
‘ * ‘ .. ‘ 
.-'；• ,> ^ t : • V 
...々 •.. .;.;;> ..' » / - ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 
身 . 1 教‘:_^ 
Fig. 3 .1.9 
Photomicrographs showing the distribution of labelled cells in the future 
trigeminal ganglion at the pre-otic hindbrain level in 11- to 13-somite stage normal 
mouse embryos. 
(a) A lateral view of an 11- to 13-somite stage mouse embryo. Sections are taken 
at levels I (b,c), II (d,e,f), III (g,h) and IV (I to m). 
Op, optic placode; Ot, otic placode; BAl, first branchialarch; H, heart; S, 
somite. Bar= 250^im. 
(b) A cross section at the pre-otic hindbrain level (Level I in (a)). 
NE, neuroepithelium; TNC, future trigeminal ganglion; DA, dorsal aorta; 
Op, optic placode. Bar = 250^im. 
(c) In higher magnification of the rectangular area enclosed by red lines in (b), 
labelled cells (red arrows) are found in the region of the future trigeminal 
ganglion. 
NE, neuroepithelium; DA, dorsal aorta. Bar = 50^m. 
( . . . .To be continued) 
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Fig. 3 .1.9 (cont inued) 
(d) A cross section of an 11 - to 13-somite embryo at level II in (a). 
NE, neuroepithelium; DA, dorsal aorta; BA1, first branchial arch; PP, 
primitive pharynx. Bar = 50^m. 
(e) Higher magnification of area e in (d) showing that labelled cells (red arrows) 
are found in the region of the future facial ganglion. 
NE, neuroepithelium. Bar = 25jum. 
(f) WGA-Au labelled cells (red arrows) are also found in the first branchial arch 
mesenchyme (area f in (d)). 
Bar = 5^m. 
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Fig. 3 .1 .9 (cont inued) 
(g) A cross section of an 11- to 13-somite stage mouse embryo at the post-otic / 
pre-somitic cardiac neural crest level (Level III in (a)). 
NT, neural tube; DA, dorsal aorta; PP, primitive pharynx; H, heart. 
Bar = 50^im. 
(h) Higher magnification of the rectangular area enclosed by red lines in (g) 
showing that labelled cells (red arrows) are found in the mesenchyme lateral to 
the dorsal aorta (DA). 
NT, neural tube. Bar = 25^m. 
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Fig. 3 .1.9 (cont inued) 
(i) A cross section of an 11- to 13-somite stage embryo at the somitic cardiac 
neural crest level (Level IV in (a)). 
S, somite; NT, neural tube; DA, dorsal aorta; PP, primitive pharynx. 
Bar = 50^m. 
0") to (m) Higher magnification of areas similar to the box enclosed by red lines 
in (i) showing that labelled cells are found in lateral pathway (purple 
arrows in � and (k)), medial pathway (orange arrows in (j) and (k)) 
and intersomitic pathways (green arrows in (1) and (m)). Labelled cells 
are also found in the dorsal part of the neural tube (NT) (red arrows in 
(k)) and the mesenchyme lateral to the dorsal aorta (DA) (blue arrows 
in G)). 
S, somite; PP, primitive pharynx. Bar = 50|im ( � to (m)). 
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Fig. 3 .1 .10 
(a) A cross section of a 15- to 17-somite stage mouse embryo at the post-otic / 
pre-somitic cardiac neural crest level. 
NT, neural tube; DA, dorsal aorta; PP, primitive pharynx; H, heart. 
Bar = 50^im. 
(b) to (d) Higher magnification of the areas lateral to the primitive pharynx (PP) 
showing that labelled cells (red arrows) migrate to the mesenchyme 
lateral to the dorsal aorta (DA) and the primitive pharynx (PP). No 
labelled cells are found in the mesenchyme medial to the dorsal aorta 
and around the notochord (No). 
NT, neural tube. Bar = 25^m. 
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Fig. 3 .1 .10 (cont inued) 
(e) and (f) At the somitic cardiac neural crest level of 15- to 17 somite stage 
embryos, labelled cells are found mainly in the medial pathway (red 
arrows). The mesenchymal space between the surface epithelium (Ep) 
and the somite (S) is narrower at this stage in comparison to earlier 
stages (i.e. 8- to 13-somite stage). 
NT, neural tube; DA, dorsal aorta. Bar = 25^im. 
(g) Some labelled cells (red arrows) along the medial pathway populate the 
mesenchyme lateral to the dorsal aorta (DA). 
NT, neural tube; PP, primitive pharynx. Bar = 25^im. 
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(a) A lateral view of a 19- to 21-somite stage mouse embryo. Sections are taken 
from levels I (b), II (c, d), III (e，f) and IV (g, h). 
Op, optic placode; Ot, otic placode; BA1, first branchial arch; BA2, second 
branchial arch; H, heart; S, somite. Bar = 250 陣. 
(b) High magnification of a WGA-Au labelled embryo at the pre-otic hindbrain 
level (Level I in (a)) showed that labelled cells (red arrows) populate the 
future trigeminal ganglion (blue square). 
Bar = 50|im. 
(c) High magnification of a labelled embryo at the other pre-otic hindbrain level 
(Level II in (a)) showing that labelled cells (red arrows) populate the future 
facial ganglion (blue box). 
NT, neural tube. Bar = 50^im. 
(d) Labelled cells (red arrows) also populate the first branchial arch mesenchyme 
at the pre-otic hindbrain level (Level II in (a)). 
BAA, branchial arch artery. Bar = 50^im. 
( . . . .To be continued) 
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Fig. 3.1.11 (cont inued) 
(e) and (f) In a cross section of a labelled embryo at the post-otic / pre-somitic 
cardiac neural crest level (Level III in (a)), labelled cells (red arrows) 
migrate to more ventral positions at this stage (19- to 21-somite stage) 
ill comparison to the earlier stages. Hence, more labelled cells are 
found in the mesenchyme lateral to the primitive pharynx (PP) and also 
in the region between the heart (H) and the primitive pharynx. 
NT, neural tube; DA, dorsal aorta; No, notochord. Bar = 250^im. 
( . . . .To be continued) 
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Fig. 3.1.11 (cont inued) 
(g) A cross section of a 19- to 21-somite stage mouse embryo at the somitic 
cardiac neural crest level (Level IV in (a)). 
NT, neural tube; S, somite; DA, dorsal aorta; PP, primitive pharynx. 
Bar = 50^im. 
¢ ) Higher magnification of the area enclosed by red lines in (g) showing labelled 
cells (red arrows) are only found in the medial pathway between the neural 
tube OsfT) and the somite (S). 
Ep, surface epithelium. Bar = 50^im. 
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Fig. 3.2.1 
Electrophoretic patterns of PCR-amplified DNA from different genotypes of 
Splotch embryos. 
(a) Agarose gel (3% in TBE buffer) electrophoretic pattern of PCR-amplified 
genomic DNA of different genotypes. In normal embryos, the amplified 
segment of Pax 3 is of the size of 127 base pairs, so wild-type Splotch 
embryos (+/+) show a band in 127 base pairs region. Since there is a deletion 
of 32-base pairs in mutants, the homozygous mutant embryos {Sp^^ / Sp^") 
show a band in 95 base pairs region while the heterozygous mutants {Sp^" /+) 
show both the normal and truncated band, i.e. one in 127 and one in 95 base 
pair. 
(b) An example of genotyping. The genotypes of different Splotch embryos are 
clearly distinguishable after agarose gel electrophoresis of the Pax 3 amplified 
PCR product. The negative control does not contain any yolk sac membrane 
















































Fig. 3 .2 .2 
Photomicrographs showing the lateral view of an in vivo normal ICR mouse 
embryo (a), in vitro wild-type Splotch (b), heterozygous Splotch mutant (c) and a 
homozygous Splotch mutant mouse embryo (d) at the 19-somite stage. The in vitro 
Splotch embryos have been cultured for 26 hours after labelling. Except for the 
homozygous mutant Splotch embryo, the morphologies of wild-type and 
heterozygous mutant are similar to the those of in vivo normal mouse embryo. They 
all possess a closed hindbrain (HB), normal optic (Op) and otic (Ot) placodes, two 
branchial arches (BA1 and BA2), a beating heart (H), a normal body axis, and 
discrete somites (S). However, the hindbrain of the homozygous mutant Splotch is 
smaller and opened (arrowhead) even though the other features are morphological 
normal. 
Bar = 0.5mm ((a) to (d)). 
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Fig. 3 .2.3 
Morphological examination of Splotch embryos at the 32 to 33-somite stage 
shows that abnormal hindbrain and opened neural tube (arrowhead) are present in in 
vivo homozygous mutant Splotch embryos (d). The wild-type (b) and the 
heterozygous mutant Splotch embryos (c) possess similar morphological features as 
the normal ICR mouse embryo (a). 
Op, optic placode; HB, hindbrain; Ot, otic placode; BA1, first branchial arch; 
BA2, second branchial arch; H, heart; F, forelimb buds; S, somite. Bar = lmm. 
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Fig. 3 .2.4 
Photomicrographs showing different degrees of severity of neural tube defects 
in homozygous mutant Splotch embryos at the 32- to 33-somite stage. 
(a) A lateral view of an in vivo homozygous mutant Splotch embryo showing that 
its hindbrain region (arrowhead) is opened and small. 
Op, optic placode; Ot, otic placode; BA1, first branchial arch; BA2, second 
branchial arch; H, heart; F, forelimb bud; S, somite. B a r = l m m . 
(b) Higher magnification of the hindbrain region (arrowhead) in a homozygous 
mutant Splotch embryo. 
Bar = 0.5mm. 
(c) A dorsal view of a homozygous mutant Splotch embryo showing its hindbrain 
is completely opened. This is the most severe type of abnormality found 
among the embryos examined. 
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Fig. 3 .2.5 
Photomicrographs of a Splotch embryo with less severe defects at the 32- to 
33-somite stage. 
(a) A lateral view of a homozygous Splotch mutant embryo at the 32- to 33-
somite stage showing a less severe defect in the hindbrain region (arrowhead). 
The hindbrain is small but closed. 
Op, optic placode; Ot, otic placode; BA1; first branchial arch; BA2, second 
branchial arch; H, heart; F, forelimb bud; S, somite. Bar= lmm. 
(b) Higher maginfication of the hindbrain region. 
Op, optic placode; Ot, otic placode; BAl,first branchialarch. Bar = 0.5mm. 
(c) The caudal neural tube is also opened (arrowhead) in the homozygous Splotch 
mutant embryo. 
Bar = 0.5mm. 
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Fig. 3.2.6 
Photomicrographs of a Splotch embryo with a caudal neural tube defect at the 
32- to 33-somite stage. 
(a) A lateral view of a homozygous mutant Splotch embryo which only possesses 
a neural tube defect at the caudal region but not at the hindbrain level 
(arrowhead). So, its hindbrain is expanded and closed as that ofnormal mouse 
embryos. 
Op, optic placode; Ot, otic placode; BA1, first branchial arch; BA2, second 
branchial arch; H, heart; F, forelimb bud; S, somite. Bar = 0.5mm. 
(b) Higher magnification of the homozygous mutant Splotch embryo at the tail 
region showing the widely opened caudal neural tube (the caudal part of the 
neural tube indicated by the clotted line). 


























Fig. 3 .2 .7 
(a) to (c) Photomicrographs showing the morphologies of Splotch embryos at the 
46- to 47-somite stage. The tail of the homozygous mutant embryo {Sp^" 
/ Sp2H) is curved (red arrow in (c)) and its caudal neural tube is opened 
(black arrow in (c)). However, its hindbrain (HB) is as normal as the 
wild-type (a) and heterozygous mutant (b) embryos. 
Op, optic placode; FLB, forelimb bud; HLB, hindlimb bud; S, somite. 
Bar = lmm. 
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Fig. 3 .2 .7 (cont inued) 
(d) Photomicrograph of a higher magnification of a homozygous Splotch (Sp^^ / 
Sp2H) mutant embryo at the 46- to 47-somite stage showing the curved tail 
(arrow) and the opened caudal neural tube (the caudal part o f the neural tube 
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Photomicrographs of a homozygous Splotch mutant embryo at the 46- to 47-
somite stage. 
(a) A lateral view o f the homozygous Splotch mutant embryo showing a severe 
neural tube defect at the hindbrain (arrowhead) and the caudal region. 
Op, optic placode; H, heart; HLB, hindbrain bud; T, tail. 
Bar= lmm. 
(b) A laterodorsal view of the hindbrain (HB) showing the widely opened neural 
tube of the homozygous Splotch mutant embryo. 
Bar= 1.5mm. 
(c) The caudal neural tube (red dotted line) of the same embryo is also widely 
opened. 
HLB, hindlimb bud. Bar = lmm. 
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Fig. 3 .2 .9 
Photomicrographs showing the distribution of WGA-Au labelled cells at 
different axial levels ofSplotch embryos at the 8- to 9-somite stage. 
(a) A lateral view of a Splotch mutant embryo at the 8- to 9-somite stage 
showing the levels where sections shown in (b) to (r) are taken. 
(b) A catch-all view of the section at the pre-otic hindbrain level (Level I 
in � ) . 
(c) to (e) At the pre-otic hindbrain level (Level I in (a)), labelled cells (red 
arrows in (c), (d) and (e)) are found to migrate out of the 
neuroepithelium (NE) to the underneath mesenchyme where the future 
trigeminal ganglion will develop. The migration pattern of labelled 
cells are similar in wild-type (c), heterozygous mutant (d) and 
homozygous mutant (e) embryos. 
NE，neuroepithelium; DA, dorsal aorta; Op, optic placode. 
Bar = 50^im ((b) to (e)). 
( To be continued) 
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Fig. 3 .2 .9 (cont inue) 
(f) A catch-all view of the cross section of an 8- to 9-somite stage Splotch 
embryo at the pre-otic hindbrain level (Level II in (a)). 
NE, neuroepithelium; No, notochord; DA, dorsal aorta; PP, primitive 
pharynx. 
Bar = 25^m. 
(g) to (i) Higher magnification of the dorsal part of the embryo showing labelled 
cells (red arrows) migrate out of the neuroepithelium to the underneath 
mesenchyme. The distribution and the number labelled cells in the wild-
type (g), heterozygous mutant (h) and homozygous mutant (i) embryos are 
similar. 
NE, neuroepithelium. Bar = 25^m ((g) to (i)). 
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Fig. 3 .2 .9 (cont inued) 
� A catch-all view of the cross section of an 8- to 9-somite stage wild-type 
Splotch embryo at the post-otic/pre-somitic hindbrain level (Level III in (a)). 
NT, neural tube; DA, dorsal aorta; PP, primitive pharynx; H, heart. Bar = 
50^m. 
(k) High magnification of the red rectangular area in � . I n the dorsal part of the 
wild-type Splotch embryo, labelled cells (red arrows) are found outside the 
dorsal neural tube (NT) in the mesenchyme dorsolateral to the neural tube. 
Ep, surface epithelium. Bar = 25^m, 
(1) A catch-all view of the cross section of an 8- to 9-somite stage heterozygous 
mutant embryo at the post-otic / pre-somitic hindbrain level (Level III in (a)). 
Bar = 50^m. 
(m) Higher magnification of the red rectangular area in (1). Similar to the wild-
type Splotch embryo, labelled cells (red arrows) are also found in the 
mesenchyme dorsolateral to the neural tube. However, fewer labelled cells are 
found in the heterozygous mutant Splotch than in the wild-type. 
Bar = 25fim. 
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Fig. 3 .2 .9 (cont inued) 
(n) A catch-all view of the cross section of an 8- to 9-somite stage homozygous 
Splotch mutant embryos at the post-otic / pre-somitic hindbrain level (Level 
III in (a)). 
Bar = 50^m. 
(0) Higher magnification of the red rectangular area in (n) showing that even 
though the neural tube is heavily labelled with WGA-Au (dark granules), no 
labelled cells are found in the mesenchyme of the homozygous Splotch 
embryos at the 8- to 9-somite stage. 
Bar = 25^m. 
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Fig. 3 .2 .9 (cont inued) 
(p) A catch-all view of the cross section of an 8- to 9-somite Splotch embryo at 
the somitic hindbrain level (Level IV in (a)). 
NT, neural tube; S, somite. Bar = 50^m. 
(q, r) In wild-type (q) and heterozygous mutant Splotch embryo (r), labelled cells 
are found in the mesenchyme overlying the neural tube (NT) (red arrows). 
However, no labelled cells are found in the similar region in a heterozygous or 
homozygous Splotch mutant embryo (r). 
Ep, surface epithelium; S，sornite. Bar = 50^m ((q) and (r)). 
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Fig. 3 .2 .10 
Photomicrographs showing the distribution of WGA-Au labelled cells at the 
post-otic / pre-somitic cardiac neural crest level ((a) to (c)) and somitic cardiac neural 
crest level ((d) to (h)) of Splotch mutant embryos at the 11- to 13-somite stage. 
(a) A cross section of an 11- to 13-somite stage wild-type Splotch embryo at the 
post-otic/pre-somitic cardiac neural crest level (Level III in Fig. 3.2.9 a). 
Labelled cells (red arrows) are found along a mesenchymal pathway extending 
from the dorsal part of the neural tube (NT) to the lateral mesenchyme 
underneath the surface epithelium (Ep) and to the mesenchyme lateral to the 
dorsal aorta (DA). More labelled cells are found at this stage in comparison to 
those found at the 8- to 9-somite stage (Fig. 3.2.9 k). 
NT, neural tube; Ep, surface epithelium; DA, dorsal aorta. Bar = 50^m. 
(b) In a cross section of an 11- to 13-somite stage heterozygous Splotch mutant 
embryo at the post-otic / pre-somitic cardiac neural crest level, labelled cells 
(red arrows) are also found in the same mesenchymal pathway as in the wild-
type Splotch embryo, which extends from the dorsal part of the neural tube to 
the region lateral to the dorsal aorta (DA). However, the number of labelled 
cells is smaller than that in the wild-type embryo at the same stage (a). 
NT, neural tube; Ep, surface epithelium. Bar = 50^im. 
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Fig. 3 .2 .10 ( cont inued) 
(c) In a cross section of a homozygous mutant Splotch embryo at the post-otic / 
pre-somitic cardiac neural crest level, the number of labelled cells (red arrow) 
is much smaller. Furthermore, they are found in less ventral regions in 
comparison to the wild-type and heterozygous mutant embryos. 
Ep，surface epithelium; NT, neural tube; DA, dorsal aorta. Bar = 50^m. 
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Fig. 3 .2 .10 (cont inued) 
(d) and (e) Cross sections showing the distribution of WGA-Au labeled cells at 
the somitic cardiac neural crest level (level IV in Fig. 3.2.9 a) of the 
wild-type Splotch mutant embryo at the 11- to 13-somite stage. 
Similar to the observations on normal mouse embryos (Fig. 3.1.9), 
labelled cells are found in the lateral pathway (purple arrows in (e)) 
and medial pathway (red arrows in (d) and (e)). 
NT, neural tube; S, somite; Ep, surface epithelium; DA, dorsal aorta. 
Bar = 50^im. 
( … “ T o be continued) 
> 
d . - , r - , ' , : : i ,~ Level IV , : : “ 
> ^ ' ' . . * • • ^ . 
- � . . • •• 
^^ 卜 • • • • 
v � 4 ^ ^ ' ; : ^ X : . 
* * - * «-i • 霄 * o •• . .；•. 
^ 丄 '-.4. ，.、• W «. . • • • •. .:• ^ -•• 
I '-' h - . 
« * • � ^ • ；、 -K 
• • * • • . » ‘ • - , *» • ‘ ^ i | ,^ _ _ 
• t DA 11- to 13-somite stage, + / + 
e . l ： ^ 
/ V '• 
» # • I • • Ep s ^ ‘ I • NT # 
I 
i h DA 
11- to 13-somite stage, + / + 
Fig. 3.2.10 (continued) 
(f) and (g) Cross sections showing the distribution of WGA-Au labelled cells at 
the somitic cardiac neural crest level (level IV in Fig. 3.2.9 a) o f t he 
heterozygous Splotch mutant embryo at the 11- to 13-somite stage. 
Similar to the normal mouse embryos (Fig. 3.1.9)，labelled cells are 
also found in the lateral pathway (purple arrows in (f)), medial 
pathway (red arrows in (f)), and intersomitic pathway (green arrows in 
(g)). 
NT, neural tube; S, somite; Ep, surface epithelium. 
Bar = 50|Lim. 
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Fig. 3 .2 .10 (cont inued) 
(h) Cross sections showing the distribution of WGA-Au labeled cells at the 
somitic cardiac neural crest level (level IV in Fig. 3.2.9 a) o f the homozygous 
Splotch mutant embryo at the 11- to 13-somite stage. Labelled cells are 
seldom found in the mesenchyme although the neural tube (NT) and the neural 
crest region (the dorsal part of the neural tube) are labelled. 
S, somite. Bar = 50^m. 
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F i g . 3 . 2 . 1 1 
Photomicrographs showing the distribution of WGA-Au labelled cells at the 
post-otic/pre-somitic cardiac neural crest level ((a) to (c)) and the somitic cardiac 
neural crest level ((d) to (f)) of wild-type ((a) and (d)), heterozygous mutant ((b) and 
(e)) and homozygous mutant ((c) and (f)) Splotch embryos at the 15- to 17-somite 
stage. 
(a) In wild-type embryo, more labelled cells (red arrows) are found in the 
mesenchyme lateral to the dorsal aorta (DA) in comparison to those found at 
the 11- to 13-somite stage. 
NT, neural tube; Ep, surface epithelium; PP, primitive pharynx. Bar = 50^im. 
(b) In heterozygous mutant embryo, fewer labelled cells (red arrows) are found in 
the mesenchyme compared with those found in the wild-type embryo but 
labelled cells are found in the similar regions in both genotypes. 
NT, neural tube; DA, dorsal aorta; PP, primitive pharynx; Ep, surface 
epithelium. Bar = 50^m. 
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Fig. 3 .2.11 (cont inued) 
(c) In the cross section of a homozygous mutant embryo at the post-otic cardiac 
neural crest region, only a few labelled cells (red arrows) are found in the 
mesenchyme lateral to the neural tube (NT). 
Ep, surface epithelium; DA, dorsal aorta; PP, primitive pharynx. Bar = 50^im. 
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Fig. 3 .2.11 (cont inued) 
(d) and (e) Cross sections showing the distribution of WGA-Au labelled cells in the 
15- to 17-somite stage wild-type (d) and heterozygous mutant (e) 
Splotch embryos at the somitic cardiac neural crest level (Level IV in 
Fig. 3.2.9 a). Labelled cells (pink arrows in (d) and (e)) are mainly 
found in the medial pathway extending from the region between the 
neural tube (NT) and the somite (S) to the mesenchyme lateral to the 
dorsal aorta (DA). 
Ep, surface epithelium. Bar = 50^m. 
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F i g . 3 . 2 . 1 1 (cont inued) 
(f) At the somitic cardiac neural crest level of the homozygous mutant embryo 
at the 15- to 17-somite stage, labelled cells are seldom found in the 
mesenchyme even though the neural tube (NT) is heavily stained with 
WGA-Au. 
Ep, surface epithelium; S, somite; DA, dorsal aorta; Bar = 50^im. 
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Fig. 3 .2 .12 
Photomicrographs showing the distribution of WGA-Au labelled cells at 
different axial levels in Splotch mutant embryos at the 19- to 21-somite stage. 
(a) A lateral view of a 19- to 21-somite stage Splotch embryo. Sections are taken 
at levels I (b to e), II ( f to i) and III G to p). 
Op, optic placode; Ot, otic placode; BA1, first branchial arch; BA2, second 
branchial arch; H, heart; S, somite. 
(b) A catch-all view of the cross section at the pre-otic hindbrain level (Level I in 
(a)). 
NE, neuroepithelium; Op, optic placode. Bar = 50^im. 
(c) to (e) Higher magnification of a similar area enclosed by the red rectangular 
area in (b) in another embryo, WGA-Au labelled cells (red arrows) are 
found in the mesenchymal region of the future trigeminal ganglion (blue 
rectangular area) in wild-type (c), heterozygous (d) and homozygous (e) 
Splotch mutant embryos. Ep, surface epithelium. Bar = 25^im. 
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Fig. 3 .2 .12 (cont inued) 
(f) A catch-all view of the cross section at the pre-otic hindbrain level (Level II in 
(a)). 
NT, neuroepithelium; DA, dorsal aorta; BA1, first branchial arch. 
Bar = 50p,m. 
(g) to (i) Higher magnification of a similar area enclosed by the red rectangular 
area in (f) in another embryos, labelled cells (red arrows) are found in the 
region of the future facial ganglion (blue box) in wild-type (g), 
heterozygous (h) and homozygous (i) Splotch mutant embryos. 
NT, neural tube; DA, dorsal aorta. Bar, 25^m. 
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Fig. 3 .2 .12 (cont inued) 
0) A catch-all view of the cross section at the post-otic / pre-somitic cardiac 
neural crest level (Level III in (a)). 
NT, neural tube; DA, dorsal aorta; PP, primitive pharynx; H, heart. 
Bar = 50|am. 
(k)，(l) In the wild-type Splotch embryo, WGA-Au labelled cells (red arrows) are 
found along a dorsolateral pathway lateral to the primitive pharynx (PP) 
through the lateral region of the dorsal aorta (DA). 
NT, neural tube; H, heart; No, notochord. Bar = 50^m. 
(m) In the wild-type Splotch embryo, some labelled cells (red arrow) are found 
more ventrally in the mesenchymal region between the primitive pharynx (PP) 
and the heart (H). 
Bar = 50jj_m. 
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Fig. 3 .2 .12 (cont inued) 
(n),(o) In heterozygous mutant embryos, labelled cells (red arrows) are mainly found 
in the mesenchyme lateral to the neural tube (NT) and adjacent to the dorsal 
aorta (DA). In comparison to the wild-type embryo, fewer labelled cells are 
found in the mesenchyme lateral to the primitive pharynx (PP). 
H, heart. Bar = 50|Lim. 
(p) In homozygous mutant Splotch embryos, only a few labelled cells (red arrow) 
are found in the mesenchyme lateral to the dorsal aorta (DA). 
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Fig. 3.3.1 
Photomicrographs showing lateral views of 19-somite stage mouse embryos 
from the in vivo group (a) and the in vitro group (b) which have been cultured for 26 
hours after grafting. Both groups of embryos show similar morphological 
appearance. They all possess first (BA1) and second (BA2) branchial arches, optic 
placodes (Op), otic placodes (Ot), heart (H) and discrete somites (S). 
Bar = 250^im. 
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Fig. 3 .3 .2 
Photomicrographs showing the location of the graft in wild-type recipient 
embryos at the 17-somite stage 
(a, b) Lateral views of Splotch embryos showing the location of the grafted neural 
crest fragment (black arrowheads in (a) and (b)) which are transplanted to the 
region just rostral to somite one (S1 in (a) and (b)) within the cardiac neural 
crest region. Op, optic placode; Ot, otic placode; BA1, first branchial arch; 
BA2, second branchial arch; H, heart; red arrows, rostral limit of somite 1. 
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Fig. 3 .3.3 
Photomicrographs showing the distribution of WGA-Au labelled cells in a 17-
somite stage wild-type recipient embryo after grafted with a neural crest fragment 
from a wild-type donor embryo. 
(a) The WGA-Au labelled neural crest fragment taken from a donor embryo 
incorporates to the dorsal neural tube 0^T) of the recipient embryo. The graft 
does not remain as a clump of cells but rather it disperses as discrete labelled 
cells (red arrows) in the neural crest region. 
Ep, surface epithelium; Bar = 25^m. 
(b, c) In a wild-type recipient embryo, labelled cells (red arrows) coming out from 
the wild-type donor neural crest fragment are found in the mesenchyme lateral 
to the neural tube Q<T), the dorsal aorta (DA), primitive pharynx (PP in (b)) 
and cardinal vein (CV in (c )). 
H, heart; Bar = 25^m. 
( To be continued) 
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Fig. 3 .3.3 (cont inued) 
(d，e) At the somitic cardiac neural crest level, labelled cells (red arrows) from a 
wild-type donor are also found in the medial pathway between the neural tube 
(NT) and the somite (S). 
Bar = 25^im. 
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Fig. 3 .3.4 
Photomicrographs showing the distribution ofwild-type neural crest cells in a 
homozygous mutant environment at the 19-somite stage. 
(a) Labelled wild-type neural crest cells (red arrows) migrate out of the graft site 
(outlined by black arrows) at the dorsal neural tube (NT) to the mesenchymal 
region dorsal to the somite (S) and lateral to the neural tube in a homozygous 
mutant recipient embryo. 
Ep, surface epithelium; Bar 二 25网. 
(b) Labelled cells (red arrows) also migrate to the mesenchyme around the dorsal 
aorta (DA). 
NT, neural tube; Bar = 25^m. 
•• 
Graft : + / + 
Recipient: Sp^"/Sp^" 
a . ^ ^ ^ 
^ ^ 
Ep . 
ii ^ ^ NT 
S ^ 
b. — 




Fig. 3 .3 .5 
Photomicrographs showing the distribution of WGA-Au labelled cells in a 17-
somite stage heterozygous mutant Splotch recipient embryo after grafted with a neural 
crest fragment from a heterozygous mutant Splotch donor embryo. 
(a) WGA-Au labelled neural crest fragment (Outlined by black arrows) from a 
donor embryo incorporates to the dorsal neural tube (NT) of the recipient and 
disperses as discrete labelled cells (red arrows) in the neural crest region. 
Ep, surface epithelium. Bar = 25^im. 
(b, c) In heterozygous mutant recipient embryos, labelled cells (red arrow) coming 
out from the graft are found in the mesenchyme lateral to the neural tube (NT 
in (b)) and dorsal aorta (DA in (c)). 
Ep, surface epithelium; S，somite; PP, primitive pharynx. Bar = 25^m. 
•• 
G r a f t : 5 ) ^ 2 f / / + 
Recipient: Sp^" / + 
礼1 � P " ^ ; y 
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Fig. 3 .3 .6 
Photomicrographs showing the distribution of labelled homozygous mutant 
neural crest cells in a wild-type recipient embryo at the 19-somite stage. 
(a,b) Labelled cells migrate out of the graft site (black arrows in (a)) to the 
mesenchymal region lateral to the dorsal aorta (DA in (b)) and the primitive 
pharynx (PP in (b)). 
H, heart; Bar = 25 jLim. 
( To be continued) 
Graft : Sp2H/Sp2H 
Recipient: + / + a . ] 
� : z 
/ \ 
1« 
^ NT ‘ 
b. | : 
NT 
~ ^ DA 
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• PP 
• • ^ 
H 一 
Fig. 3 .3 .6 (cont inued) 
(c) Higher magnification of the graft site in a wild-type recipient embryo. The 
WGA-Au labelled neural crest fragment (red arrows) taken from the 
homozygous mutant incorporates into the dorsal neural tube (NT) of the 
recipient embryo. 
Ep, surface epithelium; Bar = 25^im. 
(d, e) In the wild-type recipient embryo, homozygous mutant neural crest cells (red 
arrows in (d, e)) are found in the mesenchyme lateral to the dorsal aorta (DA 
in (d)) and also in the medial pathway between the neural tube (NT in (e)) and 
the somite (S in (e)). 
Bar = 25^m. 
•• 
Graft : Sp^H/Sp2H 
Recipient: + / + 
c. I ^ 
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Fig. 3 .3 .7 
Photomicrograph showing that homozygous mutant neural crest cells do not 
migrate out of the graft site (red arrows) at the dorsal neural tube (NT) to the 
mesenchymal region of the homozygous mutant recipient embryo. 
No, notochord; DA, dorsal aorta; Bar = 50 jiim. 
Graft : Sp2H/Sp2H 
Recipient: Sp^"/Sp^" 
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Schematic diagrams showing the migration of post-otic / pre-somitic cardiac 
neural crest cells in normal mouse (left panel) and Splotch mutant embryos (right panel). 
In the normal mouse embryo, post-otic / pre-somitic cardiac neural crest cells 
migrate from the dorsal part of the neural tube O^T) to the surrounding mesenchyme at 
the 8- to 9-somite stage. At more advanced stages, cardiac neural crest cells migrate to 
more ventral position towards the heart (H) along a lateral pathway (indicated by the red 
and yellow arrows) through the mesenchyme lateral to the dorsal aorta (DA) and 
primitive pharynx (PP). 
There is a delayed emigration of cardiac neural crest cells in the Splotch mutant 
embryo, so no labelled cells are found in the mesenchyme at the 8- to 9-somite stage. 
Moreover, there is a reduction in the number of labelled cells in Splotch mutants. 
However, labelled cardiac neural crest cells, though fewer in number, migrate to the 
regions (indicated by the dotted line red and yellow arrows) similar to normal mouse 
embryos, i.e. the mesenchyme lateral to the dorsa aorta and the primitive pharynx. In 
contrast to the normal mouse embryo, no labelled cells are found in the mesenchyme 


























































































































































































Schematic diagrams showing the migration ofsomitic cardiac neural crest cells in 
normal mouse (upper panel) and Splotch mutant (lower panel) mouse embryos. 
In the normal mouse embryo, labelled cardiac neural crest cells migrate from the 
dorsal part of the neural tube (NT) to the surrounding mesenchyme at the 8- to 9-somite 
stage. Then，labelled cells migrate to the ventral part of the embryo through three 
different pathways，which are the lateral (green arrows), medial (blue arrows) and the 
intersomitic (red arrows) pathways. 
In the Splotch mutant embryo, no labelled cells are found in the mesenchymal 
region at the 8- to 9-somite stage. At more advanced stages, the number oflabelled cells 
found in the Splotch mutant is significantly lower than the normal mouse embryos. 
However, similar to the normal mouse embryos, labelled cells are also found in the lateral 
(green dotted line arrows), medial (blue dotted line arrows) and intersomitic (red arrow) 
pathways in Splotch mutant embryos. 
S, somite; DA, dorsal aorta; P, primitive pharynx. 
At the somitic cardiac neural crest level: 
/]^¾^^^ 
8- to 9-somite stage • • " , • T ^ * ^ ^ ^ ^ ^ J j ^ f ^ X ^ J ： S ： 
L w J C 
11-to 13-somite stage ^ @ (¾ T • j 
^ yj/ r — ' 
15- to 17-somite stage ^ | ^^""^p ^ i j K 
19- to 21-somite stage - " L " " ^ ^ P ^ Normal mouse embryo 
J ^ p 
11 - to 13-somite stage • • • • ^ | © @ . 
15-to 17-and 19-to21- . . . . . T S l d Z ^ T Z ^ ^ ^ 
somite stage 

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 6: Distribution of WGA-Au labelled cells in Splotch embryos after grafting 
Regions: 
Donor Recipient No. of embryo Mesenchyme Periaortic Mesenchyme Medial 
Embryo Embryo studied dorsal to the mesenchyme lateraltothe pathway 
dorsal aorta primitive pharynx 
1 ^ ^ ( ^ (%)a 
+/+ 1 i i i i 
(100) •• (100) (100) (100) 
+/+ Sp2H/— 4 4 4 4 4 
(100) (100) (100) (100) 
Sp2H/Sp2H 2 2 2 2 2 
000} 0 ^ 0 ^ (100) 
+/+ 5 5 5 4 4 
(100) (100) (80) (80) 
Sp2H/+ Sp^"/+ 6 6 6 3 4 
(100) (100) (50) 、 (67) 
Sp2H/Sp2H 3 0 0 0 0 
^ 3 3 3 3 3 
(100) (100) (100) (100) 
Sp'"/Sp'" S p , + 2 2 2 0 2 
(100) (100) (100) 
Sp'"/Sp'" 4 0 0 0 0 




Graph lA. Distribution ofWGA-Au labelled cells in different regions ofICR 
and Splotch embryos at the 8- to 9-somite stage 
^ 180 n _ICR 
I 160 - T •+/+ 
;| 140 - j j Sp2H/+ 
S 1 2 0 - _ ^ j Sp2H/Sp2H 
^ 100 - ^ i 
； 8 0 - ： - 「 3 60 - = T * 
^ 40 ^ I 20- T .‘ 
^ 0 1 ' ' |l* I — — ^ ^ ^ ~ . — — r S _ ^ _ ^ ~ ： Regions 
TG 产 FA lstBA DDA LDA LPP MP LP P 
-Pre-otic hindbrain ——Post-otic/Pre- _ | _ Somitic cardiac一 
level somitic cardiac neural crest level 
neural crest level 
Graph lB. Distribution ofWGA-Au labelled cells in different regions of l tR 
and Splotch embryos at the 11- to 13-somite stage 
^ 450 1 a l C R 
1 400 - •+/+ 
^ 350 -, 300 TT T fT sp2H/+ 
I 25Q _ ^  L L Sp2H/Sp2H 
^ 200 n T I I — • ^ "n I ^ 150- = ^ I ^ 
^ ™ ； n i [ | | * 
. ' o ] J - J - J I j l M L ^ . a ^ . ^ A , E i ^ 
TG FA lstBA DDA LDA LPP MP LP JP -Pre-otic hindbrain ——Post-otic /Pre- Somitic cardiac—— 
level somitic cardiac neural crest level 
neural crest level 
TG, future trigeminal ganglion; FA, future facial gangUon; 1st BA, first branchial arches; DDA, 
mesenchyme dorsal to dorsal aorta; LDA, mesenchyme lateral to dorsal aorta; LPP, mesenchyme lateral to 
primitive pharynx; MP, medial pathway; LP, lateral pathway; IP, intersomitic pathway; 
* p<0.05, t-test. Significant different from normal ICR mouse embryos. 
Graph lC. Distribution ofWGA-Au labelled cells in ICR and Splotch embryos 
at the 15- to 17-somite stage 
^ 450 n _ICR 
I 400 - T … •+/+ 
1 3 5 0 - L Sp2H/+ 
^ 300 -Tr 丨 • I 250 - ^ I. r * I _Sp2H/Sp2H 
5s fi /: ： TT 
了 200 - I  r : .. I - X 
• i 5 � - ' 1 i | i J - i i l i L L . 
^ 0 | l ^ i J ^ l l ^ i J 1 l i J * , _ * , J * I - — Regions 
TG FA lstBA DDA LDA tPP MP LP ff> -Pre-otic hindbrain ——Post-otic /Pre- Somitic cardiac一 
level somitic cardiac neural crest level 
neural crest level 
Graph lD. Distribution ofWGA-Au labelled cells in different regions ofICR 
and Splotch embryos at the 19- to21-somite stage 
, 7 0 0 . BICR 
J^  — 丁 
^ 600 i Y i Tr I • + / + 
I 500 - m • I ， 1 Sp2H/+ 
I 400 - ¢ 1 I TV BSp2H/Sp2H 
I 3 0 0 - 1 : 1 1；；^  rt £ 
S 200 -麗；.•• ；： I .. . I 
卜：:::：“ * J * 
^ 0 - m U L , L L . * r L l * - i — — , 一 , 8胁似 
TG FA lstBA DDA LDA LPP MP LP JP 
-Pre-otic hindbrain ——Post-otic /Pre- Somitic cardiac一 
level somitic cardiac neural crest level 
neural crest level 
TG, future trigeminal ganglion; FA, future facial gangUon; 1st BA, first branchial arches; DDA, 
mesenchyme dorsal to dorsal aorta; LDA, mesenchyme lateral to dorsal aorta; LPP, mesenchyme lateral to 
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